Identification of the mechanical properties in the heat-affected zone of aluminum welded structures by Nazemi, Navid
University of Windsor
Scholarship at UWindsor
Electronic Theses and Dissertations
10-19-2015
Identification of the mechanical properties in the
heat-affected zone of aluminum welded structures
Navid Nazemi
University of Windsor
Follow this and additional works at: http://scholar.uwindsor.ca/etd
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please
contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.
Recommended Citation
Nazemi, Navid, "Identification of the mechanical properties in the heat-affected zone of aluminum welded structures" (2015).
Electronic Theses and Dissertations. Paper 5485.
I 
 
IDENTIFICATION OF THE MECHANICAL PROPERTIES IN THE HEAT-
AFFECTED ZONE OF ALUMINUM WELDED STRUCTURES  
 
By 
 
Navid Nazemi 
 
A Dissertation 
Submitted to the Faculty of Graduate Studies  
through the Department of Civil and Environmental Engineering 
in Partial Fulfillment of the Requirements for 
the Degree of Doctor of Philosophy 
 at the University of Windsor 
 
 
 
Windsor, Ontario, Canada 
2015 
 
© 2015 Navid Nazemi
 
2 
 
IDENTIFICATION OF THE MECHANICAL PROPERTIES IN THE HEAT-
AFFECTED ZONE OF ALUMINUM WELDED STRUCTURES  
By 
Navid Nazemi 
APPROVED BY: 
______________________________________________ 
Dr. M. Mbaye, External Examiner 
President, Alcoa Global Rolled Products’ Centre of Excellence for Technology, 
Engineering and Operational Excellence 
______________________________________________ 
Dr. V. Aleo, Special member 
Aleo Associates Inc. 
______________________________________________ 
Dr. W. Altenhof 
Department of Mechanical, Automotive & Materials Engineering 
______________________________________________ 
Dr. S. Cheng 
Department of Civil and Environmental Engineering 
______________________________________________ 
Dr. A. El Ragaby 
Department of Civil and Environmental Engineering 
______________________________________________ 
Dr. F. Ghrib, Advisor 
Department of Civil and Environmental Engineering 
 
June 18, 2015
 
 
iii 
 
AUTHOR’S DECLARATION OF ORIGINALITY 
         
I hereby certify that I am the sole author of this thesis and that no part of this thesis has 
been published or submitted for publication. 
I certify that, to the best of my knowledge, my thesis does not infringe upon anyone’s 
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or 
any other material from the work of other people included in my thesis, published or 
otherwise, are fully acknowledged in accordance with the standard referencing practices. 
Furthermore, to the extent that I have included copyrighted material that surpasses the 
bounds of fair dealing within the meaning of the Canada Copyright Act, I certify that I have 
obtained a written permission from the copyright owner(s) to include such material(s) in 
my thesis and have included copies of such copyright clearances to my appendix.  
I declare that this is a true copy of my thesis, including any final revisions, as approved by 
my thesis committee and the Graduate Studies office, and that this thesis has not been 
submitted for a higher degree to any other University or Institution. 
 
 
 
 
 
 
iv 
 
ABSTRACT 
 
Welding is employed as a joining technique for aluminum in industries such as the 
automotive, construction, and aerospace. The heat generated by welding adversely affects 
the Heat-Affected Zone (HAZ) mechanical properties. Through numerical simulation 
techniques and experimental validation, a methodology was presented to analyze the gas 
metal arc welded aluminum components and predicted their mechanical behaviour. All 
major thermal, metallurgical, and mechanical phenomena were taken into account in the 
model development such as heat source, heat losses, as well as the effect of metallurgical 
phase transformations and temperature-dependent material properties.  
Simple methodologies were introduced to compute the hardening parameters of the HAZ 
in a welded 6061-T6 coupon specimen under uniaxial tensile loading using a digital image 
correlation technique. It was observed that the strength of the alloy decreased up to 35% in 
the weakest zone comparing to the base metal. Residual stress and distortion development 
in butt-joint were studied by the model validated with X-ray residual stress measurements. 
Between 65%-75% change in residual stresses was observed by different clamping 
condition during heating and cooling. The findings revealed that the tensile stress 
distributes along the weld line but reduces to compressive at the edges of the weld line. In 
addition, the hardness data of a welded L-joint from a previous study were adopted to 
validate the modelling methodology. It was concluded that for the alloy 6061-T6 with the 
thickness of 4.8 mm with low, medium, and high heat inputs, width of the HAZ are 8.9 
mm, 15.1 mm, and 19.4 mm which are lower than the suggested value by the Canadian 
standard (25 mm). By comparing simulation results with and without the phase 
v 
 
transformations, the error was observed between 9%-22% for hardness values on L- joints 
and between 19%-22% for the residual stress and about 23% and 20% difference in out-
of-plane distortion in transverse and longitudinal directions of the butt-joint. At last, 
experimental and numerical efforts were carried out on strength capacity, and structural 
response of fillet welded alloy 6061-T6 plate-column joint under tensile testing that 
demonstrates a beam-column joint.  
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1   INTRODUCTION 
 
1.1   Background 
Aluminum alloys are used to an increasing extent, as an alternative to steel for a 
construction material because of its various advantages such as high strength-weight ratio, 
corrosion resistance, ease of production, high strength, low density, nonmagnetic, 
nontoxic, conductivity, heat dissipation, and workability. Extensive usage of aluminum 
alloys has made the aluminum as the second main metal produced with over 47 million 
tons per year, after steel according to United Stated Geological Survey (USGS) 2014. 
Strength and durability of aluminum alloys vary with components of alloys and heat 
treatments. Aluminum members are used in many construction applications such as trusses, 
railways, plate girders, bridge decks, offshore structures, containers, windows, doors, 
cladding, roofing, light constructions, and curtain walls. Figure 1.1 shows four examples 
of aluminum alloy applications in construction; the first structure in Figure 1.1 (a) is the 
Arvida aluminum bridge in Saguenay, Quebec, Canada. Figure 1.1(b) shows the largest 
indoor aluminum-domed waterpark in Ukraine, the next picture in Figure 1.1 (c) presents 
the bus station in Florida, and the picture in Figure 1.1 (d) is the glass dome station in 
Japan. Figure 1.1 (e) shows different common aluminum profiles. Some of other aluminum 
applications are machinery and equipment, water treatment and medicine, household items, 
packaging, automotive, aerospace, rail, marine industries, and electrical uses.  
Welding is an essential fabrication process in aluminum structure assemblies in particular 
in construction engineering. Gas metal arc welding (GMAW) is one of the most widely 
used processes in the industry to join aluminum parts. This process is a very complicated 
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process involving mechanical, electrical/thermal and chemical/metallurgical phenomena. 
Compared to other joining processes, GMAW has many advantages in obtaining high 
quality of weld joints, the efficiency of production, flexibility and low cost.  
 
 
 
  
 
  
 
Figure 1. 1: Application of aluminum alloys in construction (a) Arvida aluminum bridge, 
Saguenay, Qc, Canada  (b) Largest Indoor Aluminum-Domed Waterpark, Ukraine. (c) 
Lynx Bus Station in Orlando, FL. (d) Glass dome of Kanazawa Station, Japan (e) 
Aluminum profiles for constructional purposes 
(b) (c) 
(d) (e) 
(a) 
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1.2   Statement of problem  
The popularity of aluminum welded structures is due to modern joining technologies and 
new, efficient manufacturing processes. High demands of these structures need practical 
designs that fully utilize their structural capacity. Aluminum has higher thermal 
conductivity, thermal expansion and solidification shrinkage rate than steels and is prone 
to oxidize. Due to those properties of aluminum, it is much harder to weld aluminum and 
more likely to experience strength weakening, distortions, and residual stresses compared 
to steels.  
The most significant challenge for using aluminum as a structural material is the loss of 
strength when welding is involved. During welding, the high-temperature fusion process 
causes microstructural changes adjacent to the weld line in the Heat-Affected Zone (HAZ), 
which significantly reduce the mechanical properties. It is expected that this phenomenon 
affect the final material properties across the weld line. The effects of welding on aluminum 
alloys vary with the distance from the weld centre; this effect may be categorized into areas 
that reflect the temperature attained by the metal. The width of the HAZ in all alloys, as 
well as the extent of metallurgical changes in the heat-treatable alloys, depends on the rate 
of heat input and heat dissipation. Heat input and heat dissipation are influenced by the 
welding process, thickness or geometry of the part, welding speed, and boundary 
conditions. Clause 11.3.6 of the Canadian Standards Association (CSA) S-157-05/S157.1-
05 (R2010), strength design in aluminum, requires that the HAZ extends to a distance of 
25 mm from each side of the centre of the weld. Previous studies (for example Aleo 2006) 
have shown that the recommendation of the standard for the width of the HAZ and the 
specified properties of the HAZ are on the conservative side even for high heat inputs.  
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A study is desirable to investigate the width and material properties of the HAZ in 
aluminum alloys, as well as the effects of welding parameters and material properties on 
the width of the HAZ in aluminum alloys.  
In addition, welding causes effects such as residual stresses and component distortions. 
Residual stresses and distortions in welded aluminum component could reduce the yielding 
strength and buckling strength and also tends to develop a fracture and cracking (Hou et 
al. 2010, Toyoda et al. 2004). A research is required to prevent and decrease residual 
stresses and distortions in aluminum joints by proper selection of welding parameters and 
configuration.  
1.3   Objective, scope, and organization of dissertation  
This study focuses on the development of a methodology to predict the mechanical 
response of aluminum alloy structures subjected to welding, with particular emphasis on 
heat-treatable alloys. The objective is to provide a validated numerical procedure for full-
scale analyses of aluminum structures, which retain the safety level given by the design 
codes. The present dissertation includes six chapters:  
Chapter 1 is the introduction that covers the background of the subject, problem statement, 
and objectives of the present study.  
Chapter 2 briefly reviews different types of aluminum alloys and their characteristics, the 
welding procedures, and investigations on the problems resulted from welding of 
aluminum alloy structures, methods of reducing the weld related problems, and 
investigations on the structural performance of welded aluminum alloy components.  
The scope of Chapter 3 can be divided into three sections as follows: 
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(1)  Reviewing the concepts of the major internal mechanisms during the welding process 
of aluminum alloys, and their effect on the final mechanical behaviour of welded 
structural connections.  
(2) Development of validated numerical models to be used for parametric studies. 
Validation of the numerical investigation were conducted by an experimental study 
using X-ray measurement of butt welded aluminum alloy 6061-T6 specimens with 
weld on one side and both sides and with various thicknesses. In addition, available 
results from an experiment performed by Aleo (2004) were used for further 
assessment of the FE models developed in the current study. Aleo investigated to 
determine the extension of the HAZ by hardness testing on aluminum welded L-joint. 
Finite element package SYSWELD was used with the capability to simulate fully 
coupled thermal, metallurgical, and mechanical phenomena considering all the 
important physical mechanism occurs during the welding and cooling. 
(3) Parametric studies were conducted. The effect of welding parameters and material 
properties such as heat input, welding speed, torch angle, thickness, thermal 
conductivity, heat-treatable and non-heat-treatable alloys and multi-pass welding on 
the width of the HAZ were studied. In addition, the effect of welding speed and heat 
input on residual stress distribution and weld pool dimension were conducted. At last, 
the effect of phase transformations on the mechanical response of the component 
including residual stress and hardness values were studied. 
Chapter 4 covers methodologies for identifying the material constitutive laws for alloys in 
the HAZ of welded components. An investigation was made to propose simple 
methodologies using digital image correlation system to measure the strain fields during 
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uniaxial tensile testing and to characterize the constitutive parameters of the weld zone 
after welding. The strength and hardening data for the weld, HAZ and base material were 
identified according to material tests. 
 In chapter 5, accumulated knowledge on the HAZ mechanical parameters in welded 
aluminum structure was implemented in the overall connection analysis. Experimental 
tests and numerical simulations were performed to investigate the mechanical performance 
of a fillet-welded plate-column connection made of alloy 6061-T6 under tensile loading. 
In the numerical study, the connections were modelled using solid elements. Parametric 
studies on the effect of profile thickness, the effect of phase transformations on mechanical 
results, and mesh convergence studies were performed with a focus on the prediction of 
the structural strength. 
The last chapter is the summary, contribution to knowledge, and recommendations for 
future work. 
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2   LITERATURE REVIEW  
  
2.1   Introduction 
The objective of this chapter is to review the problems associated with welding of 
aluminum alloys. In order to cover the physical phenomena behind the macroscopic 
changes of aluminum alloys during welding, the microscopic properties of aluminum 
alloys are briefly reviewed. In following, the studies on the problems resulted from welding 
including weakening, residual stress, distortion development, cracking, and techniques to 
predict and reduce these effects in aluminum structures are cited.  
The literature survey revealed that research is favorable to present a methodology to predict 
the structural behaviour of the welded aluminum alloy structure. The proposed study 
should address the effect of various factors such as welding parameters, welding 
configuration, type of alloy, and specimens’ geometry on the performance of the aluminum 
alloy structures. 
2.2   Aluminum alloys 
Aluminum alloys are known as subtypes of heat-treatable alloy and non-heat-treatable 
alloys. The strength of aluminum alloys can be improved either by work hardening method 
for non-heat-treatable alloys such as Al-Mg-Mn alloys or heat treatment for heat-treatable 
alloys such as Al-Mg-Si alloys (Altenpohl 1982). Heat-treatable alloys are commonly used 
for construction purposes, because of their higher strength. 
In non-heat-treatable alloys, cold working increases strength. These alloy series include 
1000 series with pure Al, 3000 series with good formability, 4000 series for elevated-
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temperature service, and 5000 series with moderate strength and corrosion resistance 
property. In heat-treatable alloys, heat-treatment increases the strength and stabilizes the 
material structure. These alloys include: 2000 series with high strength and for elevated 
temperatures, 6000 series suitable for extrusion with high strength, weldability, and 
corrosion resistance, and 7000 series in many of which, strength drop to unacceptable 
levels after welding. In this dissertation, we were mainly interested in the 6061-T6 alloy 
that is heat-treatable. Aluminum alloy 6061-T6 develops strength through heat treatment 
that precipitates fine Mg2Si particles (Kissell et al. 2002).  
Heat treatment techniques are used to enhance the yield strength of a heat-treatable metal. 
The high strength of heat-treatable alloys is due to the controlled solution heat treatment 
and precipitation hardening of the micro-constituents. During heat treatment, the formation 
of small uniformly dispersed particles is accomplished. The heat treatment procedure for 
the T6 condition is presented in Figure 2.1. Heat treatment is the result of two successive 
procedures: solution heat treatment and precipitation heat treatment. In the first stage of 
heat treatment process, the alloy is heated to an elevated temperature within the solid 
solution limit of alloying element and held until all the intermetallic particles are 
completely dissolved. The solution is then quenched to room temperature to prevent 
diffusion and accompanying formation of the intermetallic particles. During the solution 
heat treatment, the alloy is relatively soft and weak. The next stage in the heat treatment 
process is the precipitation hardening (age hardening). In this second stage, the solution is 
heated to an intermediate temperature. With time, the continued diffusion of alloy element 
atoms results in increasing the size of the precipitate particles. These precipitate particles 
pass through two transition phases, ' and ", before the equilibrium phase -form. The 
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maximum strength coincides with the "-phase, which is preserved by cooling to room 
temperature at the precipitation time (Callister, 1995). 
 
 
Figure 2. 1: Two stages of heat treatment for alloy in T6 condition (Callister et al. 1995) 
 
2.3   Aluminum welding technology 
Gas Metal Arc Welding (GMAW) is the most common type of welding process in 
construction, which is usually referred to by its subtypes: Metal Inert Gas (MIG) 
Welding and Metal Active Gas (MAG) welding. The other major types of aluminum 
welding include: Gas Tungsten Arc Welding (GTAW), Plasma Arc Welding (PAW), Stud 
Welding (SW), Laser-Beam Welding (LBW), and Friction Stir Welding (FSW).  
Aluminum alloys are usually fusion welded with the GMAW or the GTAW process. Fusion 
welding achieves the chemical bond formation, or welding, of parts through melting. A 
filler metal is used to facilitate the process. In general, GMAW is for heavier material while 
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GTAW is for thicknesses up to 3.175 mm (1/8 inch). In each process, an inert gas is used 
to shield the welding arc and the weld pool. The differences in the welding processes are 
the used electrodes and type of power. GMAW was chosen for this study due to its 
extensive application in construction. GMAW was developed for welding aluminum and 
other non-ferrous materials in the 1940s. The procedure for GMAW of aluminum depends 
on three key factors: the available equipment, material thicknesses, and alloy content.  
The Standards CSA W59.2-M1991 (R2013) “Welded Aluminum Construction”, CSA 
W47.211 (2011) “Certification of Companies for Fusion Welding of Aluminum” and AWS 
D1.2M:2008 “Structural Welding Code-Aluminum”, cover the requirements for welding. 
2.4   Problematics of welded aluminum structural components 
Welding effects on aluminum alloy components include weakening of the metal in the heat 
affected zone, weld defects, residual stresses, distortions, and cracking.  
2.4.1   Weakening of aluminum alloys due to welding 
Distinct microstructural regions occur in a weld as a result of the heat. In the vicinity of the 
weld centreline is the fusion zone which is where the bonding by melting takes place; 
outside the fusion zone is the HAZ, where the temperature is lower, but still high enough 
to cause observable microstructural changes due to solid-phase transformations. 
In the cold-worked metal, recrystallization and grain growth are likely to occur in the HAZ 
and welded material loses its hardening effect gained in the work-hardening process due to 
recrystallization in the HAZ (Cahn 1956). The strength of the HAZ will be similar to that 
of the annealed material since it is subjected to temperatures above the annealing 
temperature. Heating and cooling time are unimportant for these alloys. When a heat-
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treatable alloy is welded, annealing at a sufficiently high temperature removes the 
hardening effect due to previous heat treatment, and microstructural changes take place in 
the vicinity of the weld. The response to the welding in heat-treatable alloys is more 
complex than observed with the non-heat-treatable alloys because the effect of the heat 
depends upon the peak temperature and time the metal is exposed to heat. The heat of 
welding causes resolution of the hardening micro-constituents in the HAZ, followed by an 
uncontrolled precipitation of the micro-constituents in the HAZ upon cooling.  
The degree of microstructural changes depends on the welding process, technique, preheat, 
and the rate of cooling. In the weld zone, the temperature is above the melting point, and 
decreases away from the weld zone and, therefore, variations in the metallurgical structure 
vary with the distance from the fusion line. Immediately adjacent to the weld metal, the 
base metal is heated to a sufficiently high temperature to resolve rapidly any precipitates 
(Figure 2.2). The solid-solution zone will possess an intermediate strength and is quite 
ductile. Next to this zone will be a zone that has been subjected to temperatures in excess 
of the precipitation age hardening temperature but below the solution-heat-treatment 
temperature. The portion of partially annealed (overaged) material closest to the solid-
solution zone will possess the lowest strength. It is best to weld the heat-treated alloys with 
fast methods that rapidly dissipate the heat to minimize the degree of overaging and 
reduction of strength in the HAZ. Solution treatment follows by age hardening of 
weldments, or the age hardening alone may be practical in some cases to improve the 
strength of the HAZ (Francis 2002).  
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Figure 2. 2: Schematic representation of the microstructural changes in heat-treatable 
aluminum alloys during a fusion welding process (a) cooling thermal cycle from peak 
temperature (b) microstructure of the welded joint at ambient temperature (Ambriz 2010). 
 
In order to study the effects of welding on the mechanical properties of alloys, the first 
point of focus is the characterization of non-homogenous HAZ constitutive parameters. 
Much research has been conducted in this area. Lockwood et al. (2002) examined the 
global and local mechanical response of friction stir welded aluminum alloy 2024 
experimentally and numerically. Full-field strain measurements were obtained on 
transversely loaded tensile specimens via the digital image correlation technique. Local 
constitutive data were determined assuming an iso-stress configuration, for the various 
weld regions and used as input for a 2-D finite element model. The simulation results were 
(a) 
(b) 
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compared with the experimental results to assess the viability of the modelling approach 
and the validity of the iso-stress assumption. 
Sutton et al. (2008) estimated the material properties through weld zone of butt welded 
NPS30 Grade 690 (X100) steel pipe with GMAW by strain measurements with digital 
image correlation system (DIC). Local strain data was obtained throughout the weld region, 
and data was processed by uniform stress and virtual fields methodologies for modelling 
the stress-strain behaviour. The virtual fields method consists in writing the principle of 
virtual work with particular virtual fields. A cost function is then deduced. Minimizing this 
cost function provides the unknown parameters. In the uniform stress method, stress 
through the section of welded specimen in the HAZ is assumed as uniform. Results show 
that the virtual fields method provides a sound basis to estimate local material properties, 
including yield stress, hardening exponent, and hardening coefficient. The uniform stress 
method is in good agreement with the virtual fields method, with little differences in the 
stress-strain response throughout the HAZ. 
Leitão et al. (2012) presented a simple procedure for the characterization of the constitutive 
behaviour of welds. Digital image correlation was used for accessing local strain fields in 
transverse weld tensile samples and the stress distribution was calculated taking into 
account local strain data and thickness variation across the samples. The constitutive 
behaviour of the welds was assessed from local tensile stress-strain curves, plotted up to 
moderate values of plastic deformation, by fitting an appropriate work-hardening model to 
the experimental results and the ultimate tensile strength of the welds was estimated. Based 
on this information the constitutive behaviour of different weld sub-zones was assessed, as 
well as evaluating the mismatch in yield stress and plastic properties of the welds. The 
14 
 
proposed methodology was validated by comparing local stress-strain curves obtained by 
testing transverse weld samples of friction stir welds in very thin plates with those obtained 
by testing longitudinal samples of the same welds. 
Touboul et al. (2013) proposed a simple and robust identification of the mechanical 
response of P91-steel welded joint using full-field measurement techniques. First, the 
microstructure characterization enabled to define five different areas. Then, a methodology 
based on DIC measurements coupled with tensile tests was proposed to simultaneously 
identify the constitutive equations for each microstructural phase, once a constitutive 
model was chosen. Because the P91 exhibits elasto-viscoplastic behaviour at high 
temperature and elasto-plastic behaviour at room temperature, two different constitutive 
equations were proposed. After the optimization process was conducted, the parameter 
values of the constitutive equations for each zone of the welded joint were determined and 
the agreement between experimental and simulated mechanical response in term of 
uniaxial tensile tests was satisfactory. The conducted identifications exhibit key features in 
the behaviour of each domain in terms of yield stress, ultimate tensile stress, and hardening.  
Reynolds et al. (1999) determined the constitutive behaviour of the weld and HAZ region 
of butt welded aluminum alloys 5454-O and 5454-H32 with FSW, by tensile testing of 
specimens from weld region using digital image correlation. He developed a Methodology 
was developed to determine the constitutive behaviour of materials comprising a weld by 
performing a tensile test of a transversely loaded weld. The stress-strain response of the 
transverse weld specimen was explained by assuming the weld as a composite material 
deforming under an iso-stress condition.  
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Lakshminarayanan et al. (2009) studied the effect of butt welding processes GTAW, 
GMAW and FSW on mechanical properties of plates of 6 mm thickness with single pass 
butt welded joint. The base metal was aluminum alloy 6061-T6, and filler material was 
4043.  Tensile properties, microhardness, microstructure and fracture surface morphology 
of three types of joints were compared. FSW joints showed superior mechanical properties 
to GTAW and GMAW due to the formation of fine microstructure in a weld zone. 
2.4.2   Residual stress and distortion in aluminum alloys due to welding 
The welding is associated with undesirable phenomena of residual stresses and distortions. 
Residual stresses are stresses that remain in the welded component in the absence of 
external load. The residual stresses are elastic and induced inside the welded plate because 
of thermal stresses and non-uniform plastic deformation of the plate. Local plastic strains 
in the solidified weld metal and the HAZ originate from the non-uniform temperature field 
around the weld pool in heating and cooling processes which cause nonuniform thermal 
expansion and contraction, and thus result din plastic deformation in the weld and 
surrounding areas.  
Numerous welding problems are related to the development of residual stresses and 
distortion after fusion welding. Induced residual stresses can increase the fracture driving 
force in a weldment (Karlsson et al. 1990). Tensile residual stress contributes to the 
reduction of ultimate strength, and it reduces the fatigue life of the weldment (Hou et al. 
2010, Ghosh et al. 2004). Compressive residual stress is harmful to yield and buckling 
strength of welded beams and thin plate subjected to compressive axial loading (Toyoda et 
al. 2004). These adversely affect the fabrication, assembly, and service life of the 
structures. Consequently, it is important to determine residual stress distribution within the 
16 
 
welded structures. Previous researchers have shown that the longitudinal component is 
higher than the transverse and its maximum can be as high as the yield stress of the material 
(Zhang et al. 2009, Deng et al. 2008). This phenomenon is due to the sharper temperature 
gradient along the welding direction than the perpendicular to the weld. 
Adjacent to the welding arc, and moving away from the welding arc, stresses become 
compressive because the expansion of metal surrounding the weld pool is restrained by the 
base metal. Stresses occurring in regions away from welding arc are tensile and in balance 
with compressive stresses near the weld pool (Zhang et al. 1999, Mathers et al. 2002, 
Masubuchi et al. 1980). Extent in distribution of residual stress and distortion in a welded 
plate are affected by various parameters such as external constraints, welding sequences, 
material properties and welding parameters (Leggatt et al. 2008, Goncalves et al. 2006, 
Barroso et al. 2010, Zhu et al. 2002). To overcome these problems, it is necessary to 
understand the conditions that make them less effective such as employing clamps to 
minimize distortion, and welding sequences that alter the distribution of residual stresses 
(Teng et al. 2003, Zeng et al. 2009, Awang et al. 2002).  
Numerical simulation has been the primary tool used by several researchers to perform 
simulations to predict welding residual stresses in different types of joints (Bonifaz et al. 
2009, Deng et al. 2009, Goldak et al. 2005, Xie et al. 2002). Chao et al. (1999) conducted 
three-dimensional nonlinear thermal and thermo-mechanical analyses using the finite 
element welding simulation code WELDSIM. Results showed that the thermal 
conductivity has certain effect on the distribution of transient temperature fields during 
welding, the yield stress of the metal has a significant effect, and the Young’s modulus of 
the metal has a very small effect, on the residual stress and distortion, and except for the 
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yield stress, using material properties at the room temperature gives reasonable predictions 
for the transient temperature fields, residual stress and distortion. He suggests that 3D 
modelling of the welding is essential for practical problems and can provide accurate 
residual stress and distortion results that cannot be obtained from 2D simulations. Long et 
al. (2009) determined distortions and residual stresses induced in butt joint of thin plates 
during metal inert gas welding using numerical approaches. It was found that the welding 
speed and plate thickness have considerable effects on distortions and residual stresses.  
Reviews of the other key research works on residual stress distribution and distortions in 
aluminum welded components with butt weld and fillet weld are shown in Table 2.1 which 
is categorized based on the methodology of measurement of residual stress by three 
methods of hole-drilling technique, X-ray diffraction technique, and nutrition diffraction 
technique. Cited studies were performed to determine the effect of material properties, 
welding procedure, welding parameters, welding sequence, welding fixtures, and thermal 
boundary conditions on distribution and magnitude of induced residual stress and 
distortions in butt welded and fillet welded joints. 
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Table 2. 1: Studies on residual stresses and distortions resulted as welding 
Experiment Author/Year Joint Details 
 
 
 
 
 
 
 
 
 
 
 
Residual stress 
measurement 
technique: 
 
Hole-drilling 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ahmadzadeh, 
M. et al. 
 
(2010) 
T-joint 
(GMAW) 
 
Base metal: 
AA2519 
 
Filler: 
AA2319 
Aim:  
-To simulate the welding of a T-section joint and to investigate the effects of weld 
parameters and material properties on residual stresses and distortions. 
Discussion:  
-Residual stress and temperature history from the simulation were compared to 
experiments. 
-Temperature histories were measured by thermocouples.  
-The 3D simulations were performed using ABAQUS code for thermo-mechanical 
analyses with moving heat source, material deposition, solid-liquid phase transition, 
temperature dependent material properties, metal elasticity and plasticity and transient 
heat transfer.  
-A numerical model considered the physical mechanisms of the welding process during 
both heating and cooling except one phase transition and metallurgical aspects stages. 
Results:  
-Neglecting the radiation heat proved to be an acceptable assumption not influencing 
the results especially far from the welding line. 
-Higher welding speed and thickness have a decreasing effect on the magnitude of the 
residual stresses and the extent of the affected zone, but electrode size and 
current/voltage have an increasing influence on the residual stresses.  
-The relative sensitivity of residual stresses to the electrode size is more than other 
parameters.  
Kohandehgan, 
A.R. et al. 
 
(2010) 
Butt joint 
 (GTAW) 
 
Base metal: 
AA5251 
Aim:  
-To determine the distortion and residual stresses distribution in a butt welded plate.  
Discussion:  
- Experimental measurements were conducted.  
-Three-dimensional thermo-mechanical model was developed by employing ABAQUS 
software  
-Microstructural observations were made to evaluate the model prediction for weld pool 
-The model can compute induced distortion of welded plate. 
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-The effects of the strain hardening and the temperature dependence of material 
properties have been considered in the analysis.  
-Effects of phase transformation in the solid state were not accounted in the model. 
However, latent heat of phase change during solidification was considered in the model. 
Results:  
-The longitudinal stress decreases from maximum value with tensile nature in the region 
next to weld line to the compressive stress at the regions in base metal and then again 
increases to the values close to zero at positions near to free edges. 
-The transverse stress increases from a compressive value from the centre of weld line 
to the tensile value in the region next to weld line and then decreases to zero. 
-The maximum value of the longitudinal residual stress, i.e., 140 MPa, calculated in the 
welded plate, is approximately two times greater than the maximum transverse residual 
stress. 
-The residual stress values in the weldment were almost as large as the yield stress of 
the material at ambient temperature considering the effect of work hardening. 
Kohandehgan, 
A.R. et al. 
 
(2012) 
Butt joint 
 (GTAW) 
 
Base metal: 
AA5251 
Aim:  
-To study the effects of weld sequence and fixtures on distribution and magnitude of 
induced stresses in welded plates. 
Discussion:  
-Plates were welded under various welding conditions and, longitudinal and transverse 
residual stresses measured at different points of the welded plates. 
Results:  
-Welding sequence significantly alters distributions of longitudinal and transverse 
residual stresses. Weld sequence change leads to 44% decrease in longitudinal stress.  
-The geometry of weld pool and distribution of residual stresses were affected by 
fixtures while implementation of fixture caused about 21 and 76% reductions in the 
depth of the weld pool and transverse residual stress. 
 
 
 
 
Carney, 
K.S. et al. 
 
(2011) 
Butt joint 
 (FSW) 
 
Base metal: 
Aim:  
-To predict the residual stresses resulted from laser shock peening of sample by 
simulation with FEA using LS-DYNA.  
Discussion:  
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Residual stress 
measurement 
technique: 
 
X-ray 
Diffraction 
(XRD) 
 
 
 
 
 
AA2195 -Residual stresses from simulation by LS-DYNA and experiments were compared.  
-The varying material properties regions are simplified and defined as discrete, separate 
materials. 
Results:  
-Comparisons were made between the experimental, and analytical residual stresses 
illustrate that they are generally favorable. 
Zain-ul-abdein,  
M. et al. 
 
(2010) 
 
 
Butt joint 
 (LBW) 
 
Base metal: 
AA6056-T4 
Aim:  
-To predict and control the excessive out-of-plane distortions and residual stresses 
through numerical simulation and experiments on thin sheets. 
Discussion:  
-Temperature history was measured by thermocouples.  
-An uncoupled thermo-mechanical analysis by ABAQUS has been performed to predict 
the distortions, and residual stresses for a single-pass fusion welded thin test plate.  
-A comparative study of experimental and simulation results have also been carried out. 
Results:  
-Good correlation was found between experimental and simulation results, on the basis 
of which residual stress state in the test plate was predicted. 
-The longitudinal residual stresses,𝜎𝑥𝑥, have values as high as the yield strength of the 
material. Compared to all other stress components, they will have considerable influence 
over the distortion level and failure of the material. 
-The transverse residual stresses, 𝜎𝑦𝑦, are around 20% of the yield strength in the fusion 
zone and are even lesser in the HAZ. Moreover, they are tensile in the HAZ and 
compressive in the fusion zone. 
-The through-thickness residual stresses,𝜎𝑧𝑧, and stress components, 𝜎𝑥𝑦, 𝜎𝑥𝑧 and 𝜎𝑦𝑧 
have negligible magnitudes and, hence, do not contribute significantly to the distortions. 
Jamshidi, 
H. et al. 
 
(2012) 
Butt joint 
 (FSW) 
 
Base metal: 
AA5086 
Aim:  
-To investigate the effect of welding on aluminum alloys 5086 (annealed) and 6061-T6 
in terms of residual stress, grain structure and precipitation distribution in different zones 
of welded joints.  
Discussion:  
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AA6061 -Optical metallography and transmission electron microscopy (TEM) were employed to 
characterize the microstructures of zones. 
-Residual stress profile and local mechanical properties of different zones were 
evaluated by XRD and DIC.  
-Micro-hardness profile results were investigated.  
Results:  
-Softening in the alloy 6061-T6 side occurs in regions with weld peak temperature 
higher than 300°C.  
-Residual stress distribution within the samples is not directly dependent on the local 
mechanical properties of different zones of the joints. 
-The highest tensile residual stress of about 90 MPa were associated with the highest 
heat input imposed during welding. 
-By increasing rotational speed and decreasing welding speed, the mixing of material in 
the weld nugget of the joints is performed more efficiently. 
-Longitudinal residual stresses values were close to zero in the stir zone while the 
highest values in tension were reached in the HAZ for both welds while transverse 
residual stresses had the maximum tensile values in the HAZ but both welds presented 
compressive stresses in the stir zone. 
Price,  
D.A. et al. 
  
(2007) 
Butt joint 
 (FSW, GTW) 
 
Base metal: 
AA2024-T3 
AA2024-T35 
Aim: 
To investigate the potential of mechanical tensioning to reduce residual stresses and 
distortion in butt welding of aluminum alloys 2024-T3, 2024-T35.  
Discussion: 
-Different levels of tensile stress applied along the weld line during or after FSW, 
GTAW welding.  
-Resulting welds characterized in terms of out of plane distortion, residual stresses, and 
microstructure.  
For each set of welding parameters, optimum tensioning stress was identified, which 
eliminates the tensile residual stress peak across the weld zone, along with distortion.  
GSAS (Los Alamos National Laboratory) software was used in this study. 
Results: 
-The optimum tensioning stress increases in line with a heat input of welding process.  
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-When mechanical tensioning stresses increased beyond this value, distortion and 
compressive stress formed across the weld zone.  
Buckling distortion eliminated by stretching plates 35-70% of the yield stress of material 
during welding.  
Ganguly, 
S. et al. 
 
(2006) 
Butt joint 
 (PAW) 
 
Base metal: 
AA2024-T351 
Aim:  
-To measure the residual stress fields in plates with 12 mm thickness by two methods of  
X-ray and neutron diffraction.  
Discussion:  
-For one plate, the profile was determined after it had been skimmed by machining on 
both sides to 7 mm in thickness. 
-Synchrotron X-rays allow for rapid measurements inside components. Penetration is 
less than the neutron diffraction method. 
Results:  
-Both the as-welded and skimmed plates exhibited high tensile residual longitudinal 
stresses in the region of the weld. 
-The transverse and normal stresses were lower, and the stress distribution could be well 
approximated by a uniaxial longitudinal stress. 
-Skimming of the welded plate from 12 to 7 mm, to mimic likely aerospace practice, 
caused only a minor change in the residual stress distribution in the plate 
-A high tensile residual stress field was measured in the longitudinal direction, parallel 
to the weld, in both the as-welded and skimmed specimens. 
 
Residual stress 
measurement 
technique: 
 
Nutrition 
diffraction 
 
No experiment 
Zain-ul-abdein,  
M. et al. 
 
( 2011) 
 
T-joint 
 (LBW) 
 
Base metal: 
AA6056-T4 
Aim:  
-To investigate the effect of metallurgical phase transformations on residual stresses and 
distortions.  
Discussion:  
-Two models of thermo-mechanical (ABAQUS) and thermo-metallurgical-mechanical 
(SYSWELD) were adopted. 
-Temperature history was measured by thermocouples. 
Results:  
-Phase transformations have a negligible effect on distortions.  
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-It was found that high-temperature phase fractions start to appear at a temperature of 
250 °C. The effect of these transformations on the temperature fields is not accounted 
for because it is negligible for the investigated material. 
-The formation of new phases leads to a decrease of the material properties, which, in 
turn, influence the residual distortion and stress states.  
-The effect of phase transformations over the residual in-plane, as well as out-of-plane 
displacements, is negligible. However, these metallurgical transformations substantially 
affect the residual stress state.  
-The metallurgical transformations of AA 6056-T4 should necessarily be addressed to 
predict accurately the residual stress state of laser welded structures. 
Deshpande, 
A.A. et al. 
 
(2011) 
Butt joint 
(GTAW) 
 
Stainless steel 
304 
Aim:  
-To validate FE methodology using SYSWELD and to perform a parametric study on 
the effect of natural and forced cooling, clamp release times, and welding sequence on 
distortion. 
Discussion:  
-The isotropic hardening material model was issued in the mechanical analysis.  
-FEA performed for a butt joint of 2 mm thick sheets. 
-The heat source was validated against experimentally obtained macrograph and thermal 
history. 
Results:  
-A 3D double-ellipsoid heat source was found to be suitable for modelling the TIG 
welding of SS304.2.  
-For forced cooling, or with an increase in convective heat transfer coefficient, the out-
of-plane longitudinal distortion was predicted to decrease whereas angular distortion 
was predicted to increase.  
-Modelled welding sequences, starting from the middle portion of the plates to the end 
of the plates were found to predict significantly less distortion than the sequences 
starting from the edges of the plates. 
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2.4.3   Cracking of aluminum alloys due to welding 
Welding of aluminum alloys could cause hot cracking (liquation cracking) and 
solidification cracking in welded joint. Liquation cracking like solidification cracking is 
intergranular and arises from the combined action of grain boundary liquation and stresses 
induced by solidification shrinkage and thermal contraction (Somonov et al. 2013). 
Solidification cracking occurs along the centreline of the weld in the fusion zone, while 
liquation cracking takes place along the outer edge of the weld, in the partially melted zone 
(Kou et al. 2003). The majority of aluminum alloys can be successfully arc welded without 
cracking related problems. However, using the appropriate filler alloy and conducting the 
welding operation with a proper welding procedure can significantly reduce the probability 
of hot cracking in aluminum welded structures. 
2.5   Structural analysis of welded aluminum members 
Effects of welding on the mechanical response of the welded components in structural 
applications can be determined by using the standards, experiment, and simulation of the 
structure. In following, Canadian standards related to aluminum welded structures are 
reviewed first, and then research works conducted by experiment and simulation are cited. 
2.5.1   Recommendations of Canadian standards for welded aluminum structures 
In this section, the design codes of welded aluminum structures relevant to this thesis are 
reviewed. CSA S157-05, Strength design in aluminum (2010), is established by Canadian 
Standard Association. This standard applies to the design of aluminum alloy members and 
assemblies to carry a known load. The influence of welds on the capacity of columns and 
beams and design of welded joints has been included in this standard. This standard 
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specifies requirements for the design of members to meet the requirements of the National 
Building Code (NBC) using limit states design procedures and contains rules to determine 
and satisfy the ultimate resistance of aluminum members and connections.  
2.5.1.1   Welded aluminum components 
In the design of welded joints consideration should be given to the strength and ductility 
of welds and strength reduction in the HAZ. For the following classes of alloys, an HAZ 
has to be taken into account: 1) Heat-treatable alloys above T4 (6000 and 7000 series) 2) 
Non-heat-treatable alloys (3000 and 5000 series). There are variations in the strength of 
the resulting joints as a result of different levels of heat input among different methods of 
welding, and it may differ between fabricators of the same product. It is reasonable to 
specify a single value of strength for each alloy and combination of alloys, regardless of 
the method of welding that is used.  
A similar argument is used for the extent of the HAZ that can vary widely between 
automatic MIG welds and manual TIG welds, but without an exact knowledge of the 
planned procedure, the designer must use a value that is reasonable for welds in general. A 
band 25 mm on each side of the weld (Hill et al. 1962) is now widely adopted. Should 
welding procedures in a particular case give a consistently higher strength or narrower 
HAZ, the design values may be revised. For design purposes, the nominal dimensions of a 
weld bead are the plate thickness for butt welds, and the shortest distance through the throat 
for fillet welds with no regard paid to bead reinforcement or root penetration. Inspection 
after fabrication will establish if welds of the required size and quality have been provided, 
using CSA W59.2. All welding shall be with an appropriate filler alloy, inert-gas-shielded 
arc process, conforming to the requirements of CSA W59.2.  
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2.5.1.2   Materials and physical properties of aluminum alloys 
The characteristic mechanical properties of the base metal and HAZ for the alloys’ products 
in Table 2.2 for design purposes are given in Table 2.3. Other mechanical properties shall 
be derived from values according to Table 2.4. In Tables 2.3 and 2.4, the proposed values 
are taken from CSA W47.2 or are compromises between the specified strengths in other 
documents (ANSI/AWS D12-83, ECCS 1978, Hill et al. 1962, Marsh et al. 1985, 1988, 
Moore et al. 1971, Soetens et al. 1987). If the properties of the HAZ are not known, they 
may be taken to be equal to solution heat-treated condition for heat-treated alloys and to 
the annealed condition for work hardened alloys. Mechanical properties of weld beads are 
presented in Table 2.5. The strength of weld beads for combinations of filler and base metal 
not included in Table 2.5 shall be confirmed. Physical properties of aluminum alloys in 
Table 2.2 shall be taken as Table 2.6. Wire shall be an alloy confirmed by the Aluminum 
Association publication “Aluminum Standards and Data” and shall be selected according 
to CSA W59.2. 
 
Table 2. 2: aluminum alloys and products applicable to the standard for design purposes 
Sheet, Plate Bar, rod, wire, extruded shapes Drawn Tube 
3003 -- 6061 
3004 6061 6063 
5052 6063 6351 
5083 6082 -- 
5086 6105 -- 
5454 6351 -- 
5754 7004 -- 
6061 7020 -- 
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Table 2. 3: Tensile properties of typical aluminum alloys and products used in buildings 
Strength (MPa) 
 Base metal HAZ  Base metal HAZ 
Alloy Fu Fy Fwy Alloy Fu Fy Fwy 
Work-hardened  
(Sheet and plate) 
                                        Heat-treated 
3003-H112 
3003-H14 
3003-H16 
3004-H112 
3004-H34 
3004-H36 
5052-H112 
5052-H34 
5083-H112 
5083-H321 
5086-H32 
5454-H112 
5454-H32 
115 
140 
165 
160 
220 
240 
190 
235 
275 
305 
275 
220 
250 
70 
115 
145 
60 
170 
190 
110 
180 
125 
215 
195 
125 
180 
35 
35 
35 
60 
60 
60 
70 
70 
125 
125 
100 
90 
90 
Rivet wire, 6053-T61 205 --- --- 
Extrusions, Sheet, Plate, 
Drawn Tube, 6061-T6   
260 240 110 
Extrusions, Drawn Tube    
6063-T54 230 205 70 
6063-T5 150 110 70 
6063-T6 205 170 70 
Extrusions 6351-T6 290 255 110 
 
 
 
Table 2. 4: Mechanical properties of aluminum alloys in Table 2.3 
Compression yield 
strength 
Bearing ultimate 
strength 
Shear ultimate 
strength 
Shear yield 
strength 
Fy 2.0 Fu 0.6 Fu 0.6 Fy 
 
 
 
Table 2. 5: Mechanical properties of the weld bead 
Ultimate tensile strength, Fwu, MPa 
Filler alloy\Base 
metal alloy 
3003 3004 5052 5083 5086 5454 6061 6063 6351 
5356 100 150 170 260 235 220 190 120 190 
4043 100 150 --- --- --- --- 170 120 170 
 
 
 
Table 2. 6: The mechanical properties of the base metal and HAZ 
Coefficient of linear 
thermal expansion  
Elastic 
modulus 
Poisson’s 
ratio  
Shear 
modulus  
Mass 
density  
24 × 10-6/°C    70,000 MPa 0.33 26,000 MPa 2700 kg/m3 
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2.5.2   Investigations on structural response of the welded aluminum components 
Many researchers have conducted experimental and numerical attempts of modelling the 
welding processes to simulate and predict the structural behaviour and ultimate strength of 
welded parts, weld properties, and to evaluate the temperature distribution during welding 
and stress distribution process in different types of joints and materials.  
Matusiak (1999) carried out a series of tests to investigate the structural behaviour of 
aluminum joints to derive design models.  In his tests, a tensile force was applied to an       
I-column flange using a flat plate fillet-welded to the column. Both the flat plate and the I-
section were made of aluminum alloy 6082-T6 welded by GMAW using 5183 filler wire. 
He concluded that the structural performance of aluminum joints depended on the joint’s 
geometry and material softening due to welding decreases the strength and ductility of the 
component. He also conducted numerical analyses of these joints using the FE code 
ABAQUS enhanced with user subroutines, using the 8-node linear solid element. Material 
tests determined the material properties as a function of the distance from the centre of the 
weld and formed a basis for assigning a distribution of the material properties in the model.  
Chan et al. (2000) examined the structural effect of a reduced strength zone adjacent to the 
welds of cruciform heat-treatable aluminum alloy connections and assesses its effects on 
the load carrying capacity, ductility and mode of failure. The results indicated that the load 
carrying capacity for short connection lengths were lower than values predicted with 
current methods of design. 
Mellor et al. (1999) conducted a study on fillet welded T-section using solid elements and 
elasto-plastic constitutive models. The strength of welds forming lap and T-joints was 
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analyzed by reviewing the various empirical relationships, based on experimental and 
theoretical treatments. These results were compared with the strength of fillet welds 
predicted by different design codes and were used to establish the correct materials 
parameters for input to a finite element model of a welded T-joint.  
Zhang et al. (2001) integrated a numerical thermal-metallurgical-mechanical analysis with 
a load-deformation mechanical analysis to predict the fracture behaviour of aluminum 
joints, employing solid elements and a constitutive model of elastoplasticity. Two case 
studies were investigated, one cross-weld tensile specimen that was used for the parametric 
study and one T-joint section.  
Zhu et al. (2006) investigated failure modes in the HAZ of aluminum alloy tubular columns 
using shell elements in ABAQUS. Weld was conducted by GTAW on 6063-T5 and       
6061-T6 with filler wire of 4043. Tests were performed on columns with/without 
transverse weld to end plates, compressed between fixed ends to measure the strength 
capacity. Longitudinal tensile and compression coupon tests were performed to obtain the 
non-welded and welded material properties of the aluminum alloy. The range of lengths 
was considered. Test strengths were compared with design strengths by American, 
Australian/New Zealand, and European. Reliability of design rules for transversely welded 
columns in three codes was examined by reliability analysis. Specimens failed by local 
buckling, overall buckling, and interaction of both. Some welded columns failed in the 
HAZ. The design strengths predicted by the three specifications were conservative for the 
non-welded and welded columns. However, the design strengths predicted by the American 
and Australian/New Zealand specifications were not conservative in some cases for the 
welded columns, especially when the design strengths were calculated based on the 
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material properties obtained from the welded tensile coupon tests of 250 mm gauge length 
across a butt weld. 
In another study, Zhu et al. (2006) investigated a parametric study of aluminum alloy 
square and RHS columns using FEA. Welds were conducted by GTAW on 6063-T5 and 
6061-T6 with the filler wire of 4043. The fixed-ended column included columns with 
/without transversely weld to aluminum end. The parametric study included 24 column 
series with different cross-section geometry and type of aluminum alloy. Each series 
contained five specimens with the column lengths ranged from 500 mm to 3500 mm. 
Failure modes included local buckling, flexural buckling, the interaction of both, and 
failure in the HAZ. Effect of initial local and overall geometric imperfections were 
investigated by FEM. Materials nonlinearities considered in the analysis. Welded columns 
were modelled with different HAZ extension at ends of a column of 25 and 30 mm. 
Strengths were compared with design strengths by American, Australian/New Zealand and 
European codes. Direct strength method (DSM), for cold-formed carbon steel members, 
was used. Design strengths using DSM were compared with numerical results. Proposed 
modified DSM rules predicted the ultimate strengths of welded and non-welded columns 
accurately. Reliability of the current and proposed design rules was evaluated using 
reliability analysis. Calibrated model provided accurate predictions of the experimental 
loads and failure modes of the tested columns.  
Zhu et al. (2007) investigated the effects of transverse GTAW welding on aluminum alloys 
6063-T5 and 6061-T6 columns. The fixed-ended column tests were conducted that 
included columns with both ends transversely welded to aluminum end plates and columns 
without welding of end plates. Coupon tests were performed to obtain non-welded and 
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welded material properties. FE model using ABAQUS were utilized for simulate columns 
of square and circular hollow sections (SHS, CHS). A parametric study was conducted on 
columns with different section shapes with/without transverse welds at the ends of 
columns. The study focused on the effects of transverse welding on column strengths with 
respect to section slenderness. The European code uses an HAZ softening factor to consider 
the weakening effects of transverse welds on strength. HAZ softening factors from the 
parametric study were compared with European Code. Values of the HAZ softening factor 
specified by the European code were conservative for the SHS and CHS columns. The 
HAZ softening factors were proposed for SHS and CHS based on the results of the 
parametric study. 
Wang et al. (2006) investigated the behaviour of quasi-statically loaded fillet-welded 
connections. The base material was aluminum alloy 6082-T6 welded by GMAW.  
Experimental and numerical studies using shell elements were conducted. A user-defined 
material model comprising anisotropic plasticity and the ductile fracture were adopted. 
Strength and hardening data for the HAZ, weld and base material were taken from test data 
in the literature. Constants for yield criterion were identified from uniaxial tensile testing 
by various methods. Reasonable estimates on ductility were obtained by the simulations 
with LS-DYNA when a refined mesh was used while the strength was somewhat over-
predicted. Components were designed so that fracture occurs in the HAZ.  
Wang (2007) performed finite element analyses using LS-DYNA to predict the structural 
behaviour of welded and non-welded I-section aluminum members subjected to four-point 
bending. The base metal was aluminum alloy 6082-T6, and the filler metal was 5183 which 
was welded by GMAW process. The adopted modelling approach, using shell elements, 
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plastic anisotropy, inhomogeneous material properties in the HAZ, geometrical 
imperfections, and ductile failure, give satisfactory results for the capacity and ductility of 
welded members in bending. He modelled and predicted the structural behaviour of 
welded/not-welded I-section members subjected to four-point bending by FEA. Yield 
function and work hardening parameters for the HAZ, weld, and base material were 
determined based on material tests data as provided in the literature. Simulations were 
performed with perfect/imperfect geometries. Numerical results were compared with 
existing experimental data and a good agreement with the experimental results was 
obtained. The solutions were mesh-dependent for members failing by strain localization 
and fracture in the tension flange. 
In another article, Wang et al (2007) used Matusiak’s experimental data to validate a 
numerical model using shell elements to model the welded beam-column by FEA using 
LS-DYNA, and comparing results with experimental data from the literature. The results 
were evaluated with respect to the accuracy of the strength and ductility prediction. Shell 
elements were found to be convenient and efficient for modelling the welded components, 
and, in general, the numerical simulations gave reasonable agreement with the 
experimental data. However, it was found that the solutions were mesh-dependent when 
the failure occurred by strain localization in the HAZ. Anisotropic plasticity and 
inhomogeneous work-hardening of the HAZ were accounted in modelling. The numerical 
results were strongly mesh-dependent. It was proposed to introduce non-local plastic 
thinning in the HAZ, to obtain results for strength and ductility that reduced the mesh 
dependency of the strain localization, at the cost of introducing one additional parameter, 
namely the radius of the non-local domain. 
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Khedmati et al. (2010) studied the influence of initial deflections and the HAZ on post-
buckling behaviour and collapse characteristics of stiffened panels under combined axial 
compression/lateral pressure. The base metal in the panels was aluminum alloy 6082-T6, 
and the panels were fillet welded by the friction stir welding process. Focus concerns the 
post-buckling behaviour and strength characteristics of multi-stiffened panels under 
combined axial compression/lateral pressure. Stiffeners were extruded or non-extruded 
angle-bar profiles. FEA package ANSYS was used for non-linear elastic–plastic analyses. 
Different values of lateral pressure exerted on a model in a systematic manner to simulate 
various levels of lateral pressure loading on multi-stiffened panels used in the construction 
of high-speed crafts. A numerical investigation was made to study the effect of lateral 
pressure on the post-buckling behaviour and strength characteristics of stiffened aluminum 
plates subjected to in-plane compression. Different models incorporating various welding 
arrangements as well as stiffeners were analyzed. 
Review of more studies on approaches, experiments methodologies and simulation 
techniques in order to provide a tool to predict the structural response of welded 
components were gathered and presented in Table 2.7.  
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Table 2. 7: Studies on the effect of welding in structural applications by simulation 
Phase 
transformations 
Software Author/Year Joint Details 
Considered 
 
WELDSIM 
LS-DYNA 
D∅rum, 
C. et al. 
 
(2010) 
Butt joint 
(GMAW) 
 
Base metal: 
AA6060-T6 
Aim:  
- To study the finite element analyses of plastic failure in the HAZ of a 
welded aluminum connection. 
Discussion:  
-Numerical analyses include process history through multi-scale 
modelling were conducted. 
-The thermal module WELDSIM and FE-code LS-DYNA were 
employed. 
-The welded connection was modelled using shell, solid and cohesive-
zone elements. 
-The material properties of the HAZ were calculated using simulations 
to obtain the temperature history as input to coupled precipitation, yield 
strength and work-hardening models. 
-Thermal-dependent material parameters were mapped as field 
variables onto FEM.  
Results:  
-Numerical predictions of mechanical properties in the HAZ show 
significant variations in yield stress and work hardening depending on 
distance from the weld line. 
-The minimum value of the yield stress is found 10.5 mm from the weld 
line. The predicted stress-strain curves demonstrate that low yield stress 
is generally accompanied by increased work hardening.  
-The heterogeneity of mechanical properties within the HAZ is reduced 
with plastic straining.  
-In general, strain localization occurs earlier for shell elements than for 
solid elements with the same characteristic length, owing to the plane 
stress assumption in the former.  
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SYSWELD 
Pickett, 
A. et al. 
 
(2007) 
 
T-joint 
Butt-Joint 
 (GMAW) 
 
Base metal: 
AA6060-T6 
Aim:  
-To investigate the mechanical properties of the HAZ of welded joints.  
-To propose a failure model for crash simulation of automotive 
structures.  
Discussion:  
-By simulation techniques using software SYSWELD, the process 
history of weld manufacture was analyzed, and HAZ mechanical 
properties were mapped to the structural model for failure analysis in 
PAM-CRASH software. 
-Validation of the model was made by overlap and welded ‘T’ profiles. 
-Techniques were presented using notched tensile specimens that allow 
a relatively simple calibration of constitutive and failure parameters for 
wide range of failure stress conditions 
Results:  
-Failure model, methodology and simulation tools presented to predict 
failure of welded joints, thus limiting the need for extensive mechanical 
testing.  
Ignored ANSYS 
Chen, 
C.M. et al. 
 
(2003) 
Butt joint 
 (FSW) 
 
Base metal: 
AA6061-T6 
 
Aim:  
-To numerically study the thermo-mechanical process in butt welded 
plates.  
Discussion:  
-To provide a framework to understand dynamics of FSW thermo-
mechanical process, thermal history and evolution of longitudinal, 
lateral, and through-thickness stresses.  
-XRD technique was used to measure a residual stress of welded plate 
which is used to validate the efficiency of the model. 
Results:  
-Relationship of calculated residual stresses and weld process 
parameters such as tool speed were presented.  
-The model can be extended to optimize the FSW process to minimize 
the residual stress. 
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ANSYS 
Soundararajan, 
V. et al. 
 
(2007) 
Butt joint 
 (FSW) 
 
Base metal: 
AA6061-T6 
Aim:  
-To predict the transient temperature field, active stresses, forces in all 
3D, and residual stress. 
Discussion:  
- The thermo-mechanical model was developed to predict the thermal 
history and active stress with adaptive contact conductance at the 
interface between the workpiece and backing plate.  
-The contours were adaptively modified after each load steps as the tool 
moves over the work piece.  
-Boundary conditions in thermal modelling of welding process play a 
vital role in the final temperature profile.  
-Convection heat transfer coefficients of surfaces exposed to air were 
determined by Newton’s law of cooling.  
-The thermo-mechanical model was developed considering uniform 
value for contact conductance and was used for predicting stress at 
workpiece and back plate interface.  
Results:  
-Comparison of the temperature profile developed using adaptive, and 
uniform contact conductance with the experimental results showed the 
possibility of more accurate determination using the model.  
-The workpiece surface temperature right under the tool reaches very 
close to the solidus temperature as seen from the obtained thermal 
results. 
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2.6   Summary 
Literature survey was conducted on the analysis of welded components to cover the effects 
of welding on the structural response of the welded aluminum structures. Initially, 
aluminum physical metallurgy and aluminum welding technology were briefly reviewed. 
In following, studies related to problems caused by welding of structural components 
including weakening, residual stress, distortions, cracking and methods of reducing these 
effects have been covered. Finally, full-scale analyses of welded structural members 
consisting experimental and simulation investigations were reviewed.  
Only a few studies on simulation of the gas metal arc welding of aluminum alloy 6061-T6 
are available in the open litreture (for example, Jamshidi et al., 2012, D∅rum, C. et al. 
2010, Chen, Zhu et al. 2007). However, in these studies, none is complete in accounting 
for all of the phenomena that affect the temperature distributions, residual stresses, 
and structural response of the part.  
The proposed research study is required to consider the thermal and mechanical 
mechanisms, as well as the microstructural interactions during welding and cooling 
processes in order to present a methodology to develop a finite element model and predict 
the effect of welding on the aluminum alloy joints. 
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3   FINITE ELEMENT MODELLING OF ALUMINUM GMAW  
 
3.1   Introduction 
Modelling will help to predict the mechanical behaviour of the structure components after 
welding is completed. Simulation of welding is, in general, challenging due to the complex 
coupling between thermal, metallurgical, and mechanical phenomena. Each of these 
mechanisms needs to be formulated with a sufficient level of accuracy in order to obtain a 
reliable model. The flowchart of contents of this chapter is presented in Figure 3.1. Initially, 
an investigation is being conducted on the primary mechanisms during the welding process 
and their effect on the final mechanical behaviour of the welded component. Then, the 3D 
numerical model was developed to simulate the coupled thermal, metallurgical and 
mechanical phenomena during the heating and following cooling of the welding and taking 
interactions into account directly. Series of experiments were performed to study the 
residual stresses, temperature histories, and hardness values.  The results obtained from the 
modelling were compared with experiment data to validate the model. Once the model is 
validated, it was utilized for parametric studies instead of conducting extensive and time-
consuming mechanical experiments. By creating a database using the model, the effect of 
variables on the structural response was configured. Parametric studies completed for cases 
such as the effect of welding speed and applied heat input on the width and strength of the 
HAZ and residual stress distribution. In addition, the study was conducted to discover the 
effects of phase transformations in a coupling procedure of modelling by comparing 
residual stress, distortions, and strength results.  
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Figure 3. 1: Flowchart of the contents of Chapter 3 
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Since the majority of weldments in the construction industry are welded by fillet and 
groove welds, the present study focuses on these types of the weld. 
In following, a brief review of the thermal, metallurgical, and mechanical analysis is 
presented, and the coupling between the phenomena will be discussed. 
3.2   Theoretical background of aluminum welding mechanisms 
The mechanical behaviour of a weld depends strictly on the interaction between the heat 
transfer, microstructure evolution, and thermal stress. Figure 3.2 illustrates the coupling 
between the various fields involved in welding. The major coupling mechanisms in 
welding are shown in continues lines, whereas minor couplings are represented by dotted 
lines. Based on study by Hibbitt et al. 1973, it is expected that the effect of the temperature 
on the microstructure and thermal stress be large, but the effects of microstructure and 
hardening evolution on heat transfer are small. Phase transformations can dominate the 
stress analysis (Goldak 1989). These thermal, metallurgical and mechanical interactions 
affect each other as it is demonstrated in Figure 3.2 by the following parameters: 
1. Microstructure evolution depends on the temperature and duration of the welding. 
2. Each phase transformation has an associated latent heat. They act as a heat sink on 
heating and as a heat source on cooling. 
3. Volume changes due to phase changes, plastic, and elastic material behaviour depend 
on the microstructure of the material. 
4. Microstructure evolution depends on mechanical deformation. 
5. Mechanical deformations depend on temperature (thermal expansion). 
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6. Mechanical deformation generates heat in the material and changes the thermal 
boundary conditions. In most welding processes, this effect is small (plastic work). 
 
 
 
 
Figure 3. 2: Coupling between different fields in welding analysis (Goldak 2005) 
 
3.2.1   Thermal analysis  
The transient temperature field 𝑇(𝑡, 𝑥, 𝑦, 𝑧), for a homogeneous isotropic material is 
achieved by solving the governing energy conservation equation. The governing partial 
differential equation for the transient heat conduction analysis is given by: 
 
𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
= −𝛻𝑞 + 𝑄                                                            3.1) 
 
where, ρ is the density of the material given as a function of temperature (kg/mm3), T is the 
temperature (°K), q is the heat flux vector (W/mm2), Q is the volumetric heat flux rate from 
heat source (W/m3), and Cp is the specific heat capacity that depends on temperature 
Thermal  
 
Microstructure  
 
Mechanical  
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2: Latent heat 
4: Transformation rates 
3: Phase transformations 
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(J/kg.K). Here, variables t is the time, and, x, y, z refer to the Cartesian coordinates in the 
reference configuration, and 𝛻 =
𝜕
𝜕𝑥
,
𝜕
𝜕𝑦
,
𝜕
𝜕𝑧
  is the spatial gradient operator. Specific heat 
capacity refers to the quantity that represents the amount of heat required to change a unit 
of mass by one degree and is also called specific heat or heat capacity.  
Heat diffusion by conduction is modelled by Fourier's equation, defining the heat input as 
a function of the temperature gradient. Fourier's equation expresses the fact that heat 
diffuses from hot region to cooler part and is given by: 
 
𝑞 = −𝑘𝛻𝑇                                                  (3.2) 
 
where, k is a thermal conductivity of the material defined as a function of temperature        
(W/ mK). It should be noted that the minus sign is required to assure that heat is always 
transferred from high to lower temperature regions.  
3.2.1.1   Boundary conditions and initial conditions 
In order to solve Equation (3.1) in the domain, the boundary, and initial conditions need to 
be specified.  
For the case of welding the initial conditions are:  
1. Prior to welding the workpiece material is assumed to be at room temperature (20 °C) 
2. Following the welding process, the structure cools to room temperature.  
Thermal boundary conditions are divided into these categories: radiation, convection, and 
conduction. During the welding process, the heat was supplied to the weld pool by the heat 
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source. This heat is transferred to the metal by conduction and convection. Part of this heat 
energy is lost by free convection and radiation.  
The welded surface cools by convection based on Newton’s law of cooling due to the 
ambient air. The convection boundary condition due to exposure to ambient air is applied 
on all surfaces excluding the weld pool. The relation between convective heat transfer rate 
and temperature difference between the surface and ambient is given by: 
 
𝑞𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣(𝑇 − 𝑇0)            (3.3)   
 
Where, the term 𝑞𝑐𝑜𝑛𝑣 defines the free convection in the air, ℎ𝑐𝑜𝑛𝑣 is a heat transfer 
coefficient for convection (
W
𝑚2𝐾
), T is the surface temperature, and T0 is the ambient 
temperature for convection.  
Heat losses due to thermal radiation are important when the temperature difference 
between the weldments and environment is high. This radiation is modelled by the standard 
Stefan-Boltzmann relation: 
 
𝑞𝑟 = 𝜎𝜖(𝑇
4 − 𝑇0
4)                       (3.4) 
 
The term 𝑞𝑟 presents the heat transfer due to radiation in the air is assumed to be from the 
surface to the surroundings, 𝜎 is Stefan-Boltzmann constant (
W
𝑚2𝐾4
), 𝜀 is emissivity, T0 is 
the ambient temperature for radiation. 
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In the case where the welded structure is in contact with a support, the heat loss is the heat 
conduction lost from the work to the support as in the equation (3.5) (Zain-ul-abdein 2011): 
 
𝑞𝑐𝑜𝑛𝑑 = ℎ𝑐𝑜𝑛𝑑(𝑇 − 𝑇𝑠)              (3.5)  
 
Where, 𝑇𝑠 is the temperature of the support, and ℎ𝑐𝑜𝑛𝑑 is the heat transfer coefficient for 
conduction (
W
𝑚2𝐾
), at the interface between the welded component and the support. 
3.2.1.2   Weld heat source model 
To solve Equation (3.1), a heat source model that accurately predicts the temperature field 
in the weldment is required. The basic theory of heat flow was developed by Fourier and 
applied to moving heat sources by Rosenthal (1946), this is still the most popular analytical 
method for calculating the thermal history of welds. The infinite temperature at the heat 
source assumed in this model and the temperature sensitivity of the material thermal 
properties increases the error as the heat source is approached (Myers 1967) and this heat 
source models are subject to a serious error in temperatures in or near the fusion zone and 
heat affected zone. To overcome these and others limitations Pavelic et al. (1969) suggested 
that the heat source should be distributed and he proposed a Gaussian distribution of flux 
deposited on the surface of the workpiece. Pavelic's model achieve significantly better 
temperature distributions in the fusion and heat-affected zones than those computed with 
the Rosenthal mode (Krutz et al. 1978, Friedman 1975). Paley (1975) and Westby (1968) 
have suggested that the heat should be distributed throughout the molten zone to reflect 
more accurately the digging action of the arc. They used a constant power density 
distribution in the fusion zone with a finite difference analysis, but no criteria for estimating 
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the length of the molten pool was offered. In addition, it is difficult to accommodate the 
complex geometry of real weld pools with the finite difference method. 
It is argued on the basis of molten zone observations that a three-dimensional heat source 
model is a more realistic and more flexible than another model yet proposed for weld heat 
sources. Both shallow and deep penetration welds can be accommodated as well as 
asymmetrical situations. Evaluation of the shape of the solidus area can be regarded as an 
independent problem of simulating welding. The simulation requires that the thermal 
energy supplied in practice be effectively introduced into the component that can be carried 
out by means of a moving solidus area in the component. Transfer of the solidus area into 
the thermo-mechanical simulation is referred to as the equivalent heat source method.  
For each welding process, a specific type of heat source is adopted. A heat source in the 
shape of a double ellipsoid in accordance with Goldak (1984) is appropriate for the 
simulation of gas metal arc welding processes with material deposition which is shown in 
Figure 3.3 (a). It shows that a Gaussian distribution of power density is assumed centred at 
the origin of the double ellipsoid heat source moving along the weld path was convenient, 
accurate and efficient for most realistic welds with simple shapes (Deshapnde et al. 2011, 
Kohandehghan et al. 2010). Since the model reflects the depth and shapes of a weld, it has 
been proven to be more appropriate in application than previous models. However, the 
power density model must generate the correct shape of the weld pool. The model of double 
ellipsoid configuration heat source probably is the most popular form of this class of heat 
source models. It can be proven that the model of Pavelic et al. (1969) and the volume 
source of Paley and Hibbert (1975) and Westby (1968) are special cases of this model. In 
the case of the modelling of high energy welding process such as laser welding and electron 
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beam welding, a conical volumetric heat source with Gaussian distribution of heat flux as 
represented in Figure 3.3 (b) would be more satisfactory. A Gaussian surface source shown 
in Figure 3.3 (c) is specially adapted for the modelling of surface treatments.   
 
 
(a) 
 
 (b) 
 
(c)  
 
Figure 3. 3: Heat sources (a) 3D Double ellipsoidal volumetric heat source (Goldak 1984) 
(b) 3D Conical Gaussian volumetric heat source model (Shangmugam et al. 2013)              
(c) Gaussian surface heat source (ESI 2005) 
 
 
Most researchers have reported using the three-dimensional double ellipsoid proposed by 
Goldak to model the heat source (Ahmadzadeh et al. 2011, Michaleris 1999, Tsai 1999). A 
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double ellipsoidal heat source consists of two different concentric single ellipsoids suitable 
as a more advanced heat source as compared to the single ellipsoidal due to its greater 
flexibility in modelling shapes of moving heat sources realistically. The power or heat input 
distribution is Gaussian along the longitudinal axis as shown in Figure 3.3 (a). In this 
model, the heat source distribution comprises of two different ellipses, one in the front 
quadrant of the heat source and the other in the rear quadrant. The front half of the source 
is the quadrant of one ellipsoidal source while the rear half is the quadrant of another 
ellipsoidal source. This model has a steeper temperature gradient in front of the arc and a 
gentler gradient at the trailing side of the weld pool. The power densities of the double 
ellipsoidal heat source, 𝑞𝑓 and 𝑞𝑟, describing the heat input distributions inside the front 
and rear quadrant of the heat source and it can be expressed as:  
 
𝑄𝑓 =
6√3𝑓𝑓𝑃
𝜋√𝜋  𝑐𝑓𝑏𝑎
𝑒
[−3(
𝑧2
𝑎2
+
𝑦2
𝑏2
+
𝑥2
𝑐𝑓
)]
                           (3.6) 
 
𝑄𝑟 =
6√3𝑓𝑟𝑃
𝜋√𝜋 𝑐𝑟𝑏𝑎
𝑒
[−3(
𝑧2
𝑎2
+
𝑦2
𝑏2
+
𝑥2
𝑐𝑟2
)]
                                (3.7) 
 
𝑃 = 𝜂𝐼𝑉                                                   (3.8) 
 
𝑓𝑓 + 𝑓𝑟 = 2                                                       (3.9) 
 
In the above relations, the x-axis is the welding direction, the y-axis is perpendicular to the 
welding direction, and the z-axis is the thickness direction in the rectangular Cartesian 
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coordinate system. a, b, cf, cr are the ellipsoidal heat source parameters and define the 
dimensions of the welding arc as shown in Figure 3.3 (a), the front portion of the heat 
source is the quadrant of one ellipsoid whereas the rear portion is of another ellipsoid. To 
define the double ellipsoid model, the characteristic lengths must be determined which 
correspond to the radial dimensions of the molten zone. If the cross-section of the molten 
zone is known from the experiment, this information can be used to set the heat source 
dimensions. If precise data does not exist, Goldak et al. (1995) suggest that it is reasonable 
to take the distance in front of the source equal to one-half the weld widths and the distance 
behind the source equal to two times the weld width. 𝑃 is the total heating rate (power 
absorbed by arc), 𝑉 and 𝐼 are the arc voltage (V) /current (A), 𝜂 is the efficiency which is 
dependent on the welding process used and with GMAW this coefficient is usually set 
equal to 0.75 (Weman, 2003). 𝑓𝑓 and 𝑓𝑟 are the proportional coefficients representing the 
fraction of heat deposited at the front and the back of the heat source and suggested as  0.6 
for 𝑓𝑓 and 1.4 for 𝑓𝑟 by Goldak (1984). Since the heat source moves at a constant speed 
along a straight line, and the arc heat input from the source is constant, experience shows 
that such conditions lead to a fused zone of constant width. Moreover, zones of 
temperatures below the melting point also remain at constant width (ESI, 2000). Clearly, 
for the equilibrium to exist, the calculated heat input Q(x, y, z) must be equal along the x =
0 plane. For this to be the case 𝑐𝑟 and 𝑐𝑓 are constrained to: 
 
𝑓𝑓/𝑐𝑓  =  𝑓𝑟/𝑐𝑟                     (3.10) 
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If (x,y,z) is the coordinate system fixed in the workpiece and (x,y,) defines the moving 
coordinate system, then the transformation relating the fixed and moving coordinate system 
is given by: 
 
 = 𝑧 +  (− 𝑡)           (3.11) 
 
Where 𝑧 is the location of the moving heat source along the welding line, 𝑡 is the time at 
which a point is at the centre of the moving heat source,  is the welding speed, and  is 
needed to define the position of the source at time t = 0 (Goldak 1984). The coordinate 
transformation, Equation 3.11, can be substituted into Equations 3.6 and 3.7. 
Practical experience demonstrates the existence of steady-state conditions over the greater 
part of the heat source path.  In welding, the heat source is moving at a constant speed with 
reference to the base material over the surface of the component. If it is assumed that the 
source moves at a constant speed along a straight line, then the temperature contours 
observed from the heat source will become steady-state. The heating in the arc welding 
process involves three stages. 
1. A transient stage at which the temperature around the heat source is still rising often is 
called the initiation or starting stage. 
2. A steady-state stage at which the temperature distribution is stationary. 
3. A second transient stage at which the temperature profile decreases after the heat source 
is extinguished; this stage is also called as ending stage (Grong, 2005). 
When a weld is started, the weld pool is not formed instantly. First, a Gaussian flux 
distribution heats the solid to the melting point, then a thin layer of molten metal forms 
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which grows in width and depth with time. A simple technique is to hold the weld pool 
stationary for a few seconds and in practice, certified welders usually do this. The total 
energy input for the prescribed temperature heat source in a transient start will equal the 
energy input for a constant power heat source for in steady-state region that results in a 
high power starting transient. 
Having the Q from the heat source and using the energy conservation equation, temperature 
fields are obtained. The results of the thermal analysis (temperature distribution) were used 
as an input to the mechanical analysis and metallurgical analysis. 
3.2.2   Metallurgical analysis  
The influence of metallurgical history is evident per the following four factors (Junek et al. 
1999): 
1. The mechanical properties of the HAZ are derived from the mechanical properties of the 
individual phases.  
2. The expansion and contraction of the different phases formed as a result of different 
temperature-dependent properties during transformation cause the impact on the final 
residual stress distribution. The thermal strains are calculated from the phase and 
temperature dependent thermal expansion coefficients.  
3. During metallurgical transformations, the level of plastic deformations decreases 
because of the movement of dislocations. Each phase of the material has a different strain 
hardening character.  
4. Phase transformations are accompanied by sharp reductions in plastic strains resistance. 
Irreversible plastic deformation that occurs during a phase transformation in the presence 
of stress is known as transformation plasticity. The impact of transformation plasticity is 
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that when a volume of material transforms, stresses are generated within the transformed 
volume that are called microscopic stresses (Feng et al. 1996). 
3.2.2.1   Effect of welding on the HAZ microstructure properties in aluminum alloys 
Heat-treatable Al-Mg-Si alloys are widely used in structural components in welded 
assemblies. These alloys offer tensile strength values higher than 300 MPa in the artificially 
aged (T6) condition owing to the presence of very fine, needle-shaped precipitates, 
β"(Mg2Si), in the aluminum matrix. Although Al-Mg-Si alloys are readily weldable, they 
suffer from severe softening in the HAZ as a result of dissolution (reversion) of the β" 
precipitates during the weld thermal cycle (Grong 2005). This process is usually referred 
to as reversion, and it is the main reason for the HAZ softening taking place during welding 
of heat-treatable alloys. The welding process imposes high temperatures in the local weld 
area and β" precipitates partly or entirely dissolve at short distances from the weld. 
Therefore, the alloy reverts to the intermediate supersaturated α-phase solvent with β-phase 
solute. This local effect results in softening the HAZ. This type of mechanical impairment 
represents a major problem in engineering design since it reduces the load-carrying 
capacity of the joint. The effect of softening in case of welding of heat-treatable alloys is 
shown in Figures 3.4 (a) and 3.5 (a). Figures 3.4 (b) and 3.5 (b) illustrate the case of work-
hardened alloys in which loss of mechanical properties in the HAZ is due to 
recrystallization during welding.  
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(a) 
 
 
(b) 
 
Figure 3. 4: Reformation of precipitation in heat-treatable alloys and re-crystallization in 
non-heat-treatable alloys due to the thermal effect of welding (Boitout et al. 2000) (a) Heat-
treatable alloy (b) Non-heat-treatable alloy 
 
 
 
             (a)          (b) 
 
Figure 3. 5: Hardness distribution following  dissolution in the HAZ of Al-Mg-Si alloys 
(Heat-treated) and strength distribution in non-heat-treated alloys (Davies et al. 1985)       
(a) Heat-treatable alloy (b) Non-heat-treatable alloy 
53 
 
The equilibrium phases in Al-Mg-Si alloys are explained by utilizing a eutectic phase 
diagram for a binary alloy system (Figure 3.6). All the equilibrium phases are represented 
graphically by phase diagram. A eutectic system is a mixture of chemical compounds that 
has a single chemical composition that solidifies at a lower temperature than any other 
composition. Eutectic temperature, Teut, represents the lowest temperature at which a melt 
can exist within the system, and this composition is known as the eutectic composition. 
The solvus line is the solid solubility limit line separating α and α + β phase regions. The 
boundary between α and α + L is termed the solidus line, and the boundary between α + L 
and L is the liquidus line. For alloys with composition X1, when heated to T1, the 
microstructure consists of α-solid phase with β precipitates. When heated at a rate near 
thermodynamic equilibrium, the β precipitates dissolve at the solvus temperature, Tsolvus, 
and the α-phase start to melt at the solidus temperature, Tsolidus. In the case of aluminum 
6061-T6, the β particles represent Mg2Si on the above phase diagram.  
 
 
 
Figure 3. 6: Typical binary eutectic phase diagram 
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Microstructural changes in the HAZ of Al-Mg-Si alloys have been examined by several 
investigators (Tsirkas et al. 2003, Myhr et al. 2010, Zhang et al. 2001) and the main results 
are summarized in Figure 3.7. It is evident from Figure 3.7 (a) for the alloy 6061-T6 that 
reversion of β" precipitates occurs in the peak temperature range from 250 to 500⁰C which 
is associated with a continuous decrease in the HAZ hardness until the dissolution process 
is completed. However, close to the fusion boundary a large fraction of alloying elements 
will remain in solid solution at the end of the thermal cycle, thereby giving conditions for 
extensive precipitation hardening (age hardening) at room temperature over a period of 5 
to 7 days (Grong 2005). Enhanced HAZ strength recovery can be achieved by the use of 
artificial aging in the temperature range from 150 to 180⁰C (McDill et al. 1993).  
 
 
                   (a)                  (b) 
 
Figure 3. 7: (a) Quasi-binary section of Al-rich corner of ternary Al-Mg-Si phase diagram 
(Reiso et al. 1993) (b) Coupling of dissolution and precipitation hardening models 
 
Precipitation hardening is accomplished by the precipitation of a metastable, or non-
equilibrium variant, transition phase β″ instead of the equilibrium phase β. Figure 3.7 (b) 
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shows a section of the Al-rich corner of the quasi-binary Al-Mg2Si phase diagram. When 
an alloy of composition C < Ceut is heated up rapidly, as in the case of welding, the Mg2Si 
particles do not have enough time to dissolve and some survive past the point of liquid 
formation past Tsolidus. When the quasi-binary eutectic temperature is reached at about 
590°C, incipient melting occurs, according to the reaction: 
 
𝛼 − 𝐴𝐿 +𝑀𝑔2𝑆𝑖 → 𝑙𝑖𝑞𝑢𝑖𝑑.                         (3.12) 
 
Further heating to a higher temperature (T > 590°C) provides additional time for 
dissolution of Mg2Si and formation of more liquid of variable composition.  
Reformation of hardening in precipitation-hardened Al-Mg-Si alloys results in a decrease 
in yield point and the tensile strength, depending on the dissolved proportion of Mg2Si 
precipitation. If a relation between the yield point and the degree of destabilization is 
applied, then distortion and the state of stress of the component in a thermal-mechanical 
simulation can be calculated.  
3.2.2.2   Hardening model in Al-Mg-Si alloys 
It is suggested (Hatch, 1984) that the increased resistance to dislocation motion 
accompanying the presence of these structures arises from the high energy required to 
break Mg-Si bonds in the particles as dislocations shear through them. Assuming this 
strengthening effect is associated with hardening, the net precipitation strength increment, 
Δϭp, calculated from the equation derived by Kelly et al. (1963): 
 
𝛥𝜎𝑝 =
𝛾𝑖
𝑏
𝑓 = 𝑐3𝑓                        (3.13) 
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where, 𝛾𝑖 is the internal interface boundary energy, b is the Burgers vector, 𝑓 is the particle 
volume fraction, and c3 is a constant. By introducing the relative particle volume fraction,
𝑓
𝑓0
, 
we obtain: 
 
𝛥𝜎𝑝 = 𝑐4
𝑓
𝑓0
                                           (3.14) 
 
where 𝑓0 is the initial volume fraction of β" precipitates in the alloy, and 𝑐4 is a constant 
(equal to 𝑐3𝑓0). It is evident from Equation (3.14) that (Δϭp) max = c4 when  
𝑓
𝑓0
= 1. Hence, 
this equation can be rewritten as: 
 
𝛼 =
𝜎−𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥−𝜎𝑚𝑖𝑛
=
𝛥𝜎𝑝
𝛥𝜎𝑝(𝑚𝑎𝑥)
=
𝑓
𝑓0
                                   (3.15) 
 
Here, 𝛼  is the net precipitation strength increment, and 𝜎𝑚𝑖𝑛 denotes the intrinsic matrix 
strength after complete particle dissolution, while 𝜎𝑚𝑎𝑥 is the original base metal strength 
in the artificially aged (T6) condition. Provided that a linear relationship exists between 
yield strength and hardness (Vickers hardness (HV)), Equation (3.15) can be rewritten as 
following (Myhr et al. 1991) which provides a basis for assessing the reaction kinetics 
through simple hardness measurements: 
 
𝛼 =
𝐻𝑉−𝐻𝑉𝑚𝑖𝑛
𝐻𝑉𝑚𝑎𝑥−𝐻𝑉𝑚𝑖𝑛
=
𝑓
𝑓0
                                     (3.16) 
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HVmin corresponds to the hardness in the fully reverted state whereas HVmax represents the 
original base material strength. In order to quantify the effect of dissolution, evolution of 
the volume fraction, 𝑓, of the hardening particles is considered. The state of the precipitates 
structure is described by the state variable, 
𝑓
𝑓0
, where 𝑓0 refers to the initial volume fraction 
of the particles before the welding start. When the β" particles dissolve, the volume fraction 
falls from its initial value. The corresponding local hardness varies linearly with 
𝑓
𝑓0
. The 
expression for the dimensionless strength parameter (𝛼1) in the partly reverted region of 
the HAZ is as following (Grong 2005): 
 
𝛼1 = 𝛼 =
𝑓
𝑓0
                           (3.17) 
 
In general, the fraction of hardening precipitates, β", which forms during precipitation 
hardening, 
𝑓∗
𝑓0
, depends on the amount of remnant solute present in the matrix material after 
cooling of the weld. By considering the precipitation of non-hardening β' particles at 
dispersoids during the cooling, relationship is arrived (Myhr et al. (1991). The volume 
fraction of hardening precipitates formed during natural aging (f*), is written as:  
 
𝛼2 =
𝑓∗
𝑓0
=
𝐻𝑉−𝐻𝑉𝑚𝑖𝑛
𝐻𝑉𝑚𝑎𝑥−𝐻𝑉𝑚𝑖𝑛
                     (3.18) 
 
Based on Equations 3.17 and 3.18, it is possible to calculate the HAZ strength distribution 
after welding and subsequent natural aging when the weld thermal program is known. 
Figure 3.7 (b) shows a sketch of the superimposed hardness profiles, as evaluated from the 
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equations. Since the resulting strength level in the partly reverted region depends on the 
interplay between dissolution and reprecipitation processes, it is convenient to define a 
boundary between two models on the basis of the intersection point where 𝛼 1=𝛼 2, i.e.: 
 
𝐻𝑉 = 𝐻𝑉𝑚𝑖𝑛 + (𝐻𝑉𝑚𝑎𝑥 − 𝐻𝑉𝑚𝑖𝑛)𝛼2               when                   𝛼2 > 𝛼1                (3.19) 
 
𝐻𝑉 = 𝐻𝑉𝑚𝑖𝑛 + (𝐻𝑉𝑚𝑎𝑥 − 𝐻𝑉𝑚𝑖𝑛)𝛼1               when                   𝛼1 ≥ 𝛼2                  (3.20) 
 
It follows that this locus also defines the minimum HAZ strength level, which is an 
important parameter in engineering design. 
3.2.3   Mechanical analysis 
Material mechanical properties should be defined properly in order to be able to predict the 
behaviour of the material. Typical flow plasticity theories are developed on the basis of the 
following requirements: elastic region where the stresses and strains are related linearly or 
nonlinearly, elastic limit which is defined by a yield surface, beyond the elastic limit in 
which, the yield surface evolves with increasing plastic strain and the elastic limit 
changes. Yield surface is expressed in terms three-dimensional space spanned by stress 
invariants (𝐼1, 𝐽2, 𝐽3 ). The total mechanical strain is divided into an elastic and plastic. In 
incremental form the strain tensor can be expressed as: 
 
𝛥𝜀𝑖𝑗 = 𝛥𝜀𝑖𝑗
𝑒 + 𝛥𝜀𝑖𝑗
𝑃                       (3.21) 
 
𝛥𝜀𝑖𝑗
𝑃  is given as: 
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𝛥𝜀𝑖𝑗
𝑃 = 𝛥𝜆
𝜕𝑄
𝜕𝜎𝑖𝑗
                          (3.22) 
 
where, Q is a plastic potential defined as a scalar function of the stress tensor and internal 
variables, representing the strain hardening of the material. The increment 𝛥𝜆 is a 
consistency parameter representing plastic strain magnitude. When the plastic potential is 
chosen the same to plasticity criterion, the model is referred to an associated plasticity 
model. 
In practice, the elasticity domain evolves in the presence of plastic strain. This phenomenon 
is referred to as the strain hardening of the material. Four general types of strain hardening 
are (1) Ideal plastic (No strain hardening) (2) Isotropic hardening (3) Kinematic hardening 
(4) Mixed isotropic/kinematic hardening Mixed isotropic/kinematic hardening. Isotropic 
hardening can be used to define for the case of simple welding. Kinematic hardening could 
be the case for multi-pass welding due to the reversal of plasticity within the region where 
multiple weld passes and introduce repetitive thermal cycles (Dong et al. 1998). 
The mechanical analysis in this study was performed using an elasto-plastic material 
formulation with von Mises yield criterion. The von Mises yield criterion suggests that the 
yielding of materials begins when the second deviatoric stress invariant, J2, reaches the 
yield stress of the material in pure shear (K). A material is said to yield when its von Mises 
stress reaches a critical value known as the yield strength. The von Mises yield criterion in 
a form of principal stresses is given by: 
 
𝑓 = 𝐽2 − 𝐾
2 = 0                        (3.23) 
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3.3   Finite element modelling of aluminum welding 
Of the three numerical methods; finite difference, boundary element and finite element 
analysis, the finite element method have been chosen for its capability for nonlinear 
analysis and dealing with complex geometry. These considerations led to the choice of 
FEA as the most effective numerical method for developing a complete analysis capability 
for computer simulation of welds. Finite element modelling technique has been a reliable 
tool utilized and presented in literature by many researchers to develop 2D and 3D models 
in order to simulate the thermal, mechanical, and microstructural interactions during 
welding process (Josserand et al. 2007, Tsirkas et al. 2003, Ferro et al.2005, Zain-ul-abdein 
et al. 2011). In following, the basic methodology for the simulation of the welding by FEA 
is discussed. 
Numerical simulation of welding must account for the interactions of heat transfer, 
metallurgical transformations, and the applied mechanical fields. The material around the 
weld is modified due to the metallurgical phases created during welding and strain 
hardening by thermal movements and the mechanical constraints. Many of the available 
FE packages such as ABAQUS and ANSYS require writing of complex user subroutines 
to perform these analyses, which becomes particularly complex and time-consuming for 
cases that involve intricate geometries and complicated weld path (Zain-ul-abdein et al. 
2011, Ahmadzadeh et al. 2011, Deshpande et al. 2011).  
In the present study, a three-dimensional finite element model was developed to simulate 
aluminum welding processes using the commercial code SYSWELD. SYSWELD is a 
general purpose finite element software providing linear and non-linear computation 
capabilities with implicit finite element technology. It was chosen to be used in this study 
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due to its dedicated tools for simulating welding processes which include material 
deposition via element activation/de-activation, pre-defined moving heat sources including 
the Goldak double ellipsoid model, the ability to model metallurgical transformations 
including volume changes and mechanical properties changes due to phase 
transformations. The SYSWELD software has the capacity of performing multiple weld 
passes, availability of a range of material behaviour laws including elastic perfectly plastic, 
isotropic strain hardening, kinematic strain hardening, and the use of temperature-
dependent material properties.  
In this work, simulation of welding is performed by the coupled thermal-metallurgical-
mechanical analysis with SYSWELD software that is shown in Figure 3.8 (a). The results 
of the thermal analysis (temperature distribution) were used as an input to the mechanical 
analysis and metallurgical analysis. The nodal temperatures and phase fractions (phase 
transformations) are calculated in a coupled thermo-metallurgical analysis. Thermal 
analysis and phase transformation computation have a strong influence on each other and 
are fully coupled. At each temperature, the phase proportions are calculated. The thermo-
physical properties depend on the temperature and the metallurgical proportions of each 
phase. The temperature histories and the corresponding phase fractions are then read in the 
mechanical analysis, where the latter includes the effect of metallurgical phase 
transformations upon the mechanical response. Mechanical properties vary with 
temperature and the phase transformations.  
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(a) 
 
 
(b) 
 
Figure 3. 8: Simulation procedure in SYSWELD (a) Coupling mechanism of thermal-
metallurgical-mechanical model (Zein-ul-abdein et al. 2011) (b) Schematic diagram of 
evaluation the heat input (Thermal analysis) 
 
 
In following, the methodology to simulate the thermal analysis, metallurgical analysis, and 
mechanical analysis of welding phenomenon and coupling among them will be discussed.  
FE Mesh 
Material properties 
Welding process specifications 
Thermal and mechanical boundary conditions 
Heat source parameters 
Run transient heat transfer analysis 
Local temperatures 
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3.3.1   Mesh preparation 
A sequence of convergence tests has been conducted for specimens for a suitable 
compromise between accuracy and computational time to select an appropriate number of 
elements particularly in the area closer to the weld line and in the thickness direction. 
Convergence obtained using change in maximum residual stress versus the choice of the 
mesh size since residual stress is a response of the component after thermal-metallurgical-
mechanical interactions during welding. The geometry of the welded clip structure was 
modelled using three types of elements: three-dimensional 8-noded fully integrated linear 
hexahedrons elements (H8) for the body, 4-noded fully integrated linear element (Q4) for 
the surface of the welded parts in order to simulate the boundary between the structure and 
the environment and to simulate the free air cooling surface, and 2-noded linear element 
(L2) for weld lines. Three degrees of freedom per node were utilized. The quality of the 
mesh was evaluated using Jacobian algorithm. The modelling of welding processes with 
material deposition such as MIG needs to activate finite elements during the simulation. 
SYSWELD enables the activation of elements during the simulation that are defined by a 
function of space coordinates and time. 
3.3.2   Thermal analysis 
In SYSWELD, a predefined heat source as a function of space coordinates and time can be 
chosen. Three heat source shapes are pre-defined within the software: A Gaussian surface 
source, a volumetric double ellipsoid heat source, and a volumetric conical heat source. In 
the present study, the moving heat source Goldak double ellipsoid model was chosen. The 
thermal model solves the three-dimensional time-dependent heat conduction equation. 
Schematic diagram of evaluating the heat inputs in SYSWELD is shown in Figure 3.8 (b). 
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SYSWELD allows the user to define the trajectory of a heat source. The shape of the source 
is set in a fixed reference frame. The position of the source onto the trajectory is 
continuously recalculated from the welding velocity. The heat source parameters were 
adjusted in a way to reproduce the shape of the molten zone (weld bead) visible in a 
macrograph. In this simulation, Goldak’s suggested parameters for 𝑓𝑟 and 𝑓𝑟 were used. 
The heat transfer equation was obtained by the transient energy conservation equation 
(Equation 3.1). Heat diffusion by conduction, convection, and radiation, and conduction 
were included by Equations 3.3-3.5. 
3.3.3   Metallurgical transformation analysis 
An important aspect of welding, which has been getting increased attention by many 
authors performing finite element simulations, is metallurgical transformations or phase 
transformations (Tsirkas et al. 2003, Myhr et al. 2010, Michaleris et al.1999, Dong et al. 
1998, Brown et al. 1992). Numerical simulation of diffusion-precipitation phenomena is 
essential for the analysis of thermo-chemical processes. This involves computing the 
chemical composition of the material at any point, integrating both the diffusion of the 
constitutive elements and formation of precipitates. These phenomena are substantially 
temperature-dependent. Conversely, the chemical composition of the material and the 
precipitates modify the metallurgical transformations, and the thermo-physical and thermo-
mechanical properties of the material.  
Microstructural transformations can be simulated in SYSWELD. Knowing that the heat 
treatment and strength of aluminum alloys is adversely affected by the thermal cycles 
imposed during welding, it is desired to take this effect into account when analyzing welded 
structures. Metallurgical model is provided by SYSWELD for computation of phase 
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transformations for heat-treatable alloys (2000, 6000, and 7000 series) and allows 
simulation of precipitate dissolution of precipitates using reaction kinetics formula (β") 
during welding (SYSWELD 2005, Myhr et al.1991). This model for the dissolute fraction 
of precipitates which occurs during welding has been proposed by Myhr and Grong (1991). 
Successful results from the application of this model to MIG welding of 6000 series 
aluminum have been reported by Sarrazin (1995). The evolution of the dissolute fraction 
of precipitates under isothermal conditions is given by: 
 
𝑥 = (
𝑡
𝑡𝑟
)
𝑛
𝑒𝑥𝑝 [(
𝑄𝑆+𝑛𝑄𝑑
𝑅
) (
1
𝑇𝑟
−
1
𝑇
)]                                                                     (3.24) 
 
where, n is a time exponent (< 0.5), where, x represents dissolute fraction of precipitates, t 
is time, T is temperature (Kelvin), R is constant of perfect gas, tr is time for dissolution of 
precipitates at Tr. Qs, Qd are enthalpy of metastable solvus, and energy for activation of the 
diffusion process of alloy elements, n is parameter depends on x and typically estimated 
through a series of metallurgical experiments. The enthalpy of metastable solvus, Qs, is 
defined as the enthalpy or sum of internal energy plus the pressure of the solution times its 
volume, when the non-equilibrium precipitates (β″) form (Hatch 1984).  
Another model is dedicated to alloys that are hardened by strain hardening (1000, 3000, 
4000, and 5000 series) which allows the simulation of the crystallization kinetics: 
 
𝑥 = 1 − 𝑒𝑥𝑝 (− [(𝑙. 𝑡) 𝑒𝑥𝑝 {
𝑄𝑟
𝑅.𝑇
}]
𝛽
)                    (3.25) 
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where, x represents recrystallization rate, 𝑇𝑚𝑖𝑛 is temperature below which crystallization 
is impossible, 𝑄𝑟 is energy for activation of recrystallization, l and 𝛽 are two parameters. 
These equations govern precipitate dissolution kinetics when analyzing aluminum alloys. 
The term “phase” is used in this work to identify the various precipitates present at different 
temperature ranges. The reaction kinetics of phase transformations suggests a total of four 
reactions occurring among the phases For convenience, the precipitates present in-T6 state, 
which is the state of base material, are called as Phase-I; the precipitates appearing in the 
HAZ around a temperature of 250 °C (β″, β´, β) are called as Phase-II; while Phase-III 
refers to the new material appearing in the fusion zone after solidification and the material 
deposition in the form of filler wire. Reactions 1 to 3 occur during heating, while reaction 
4 occurs during cooling. A material is characterized at any moment by the proportions of 
its constitutive phases.  
In SYSWELD, the metallurgical and thermal calculations are coupled so that at each 
temperature the phase proportions are calculated. The thermal characteristics are 
determined using a linear mixture law of the amount of each phase present.  
3.3.4   Mechanical analysis 
The results of the thermal and metallurgical analysis were used as an input to the 
mechanical analysis, which requires the mechanical properties variation with temperature 
and the boundary conditions. The material model used for this research is a plasticity model 
utilizing associated flow rule. The mechanical analysis was performed using an elasto-
plastic material formulation with von Mises yield criterion that is particularly suitable for 
analysis of the behaviour of metals: 
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𝜎𝑣𝑀 = √
1
2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2]                            (3.26) 
 
Where, 𝜎1, 𝜎2, and 𝜎3 are the principal stresses and 𝜎𝑣𝑀 represents von Mises stress.  
As far as a hardening rule is concerned, various works have been produced over a period 
of time, which assumed isotropic behaviour for the numerical simulation of Al alloys 
containing Mg and Si. For example, Zhang (2005) performed FE simulation of 6061-T6 
assuming isotropic hardening. Similarly, Josserand (2007) and Darcourt (2004) both 
performed simulation tasks using 6056-T4 with the assumption of isotropic behaviour. 
Plastic model with isotropic hardening is suitable for mono pass welding, and plastic model 
with kinematic hardening is the proper choice for multi-pass welding. Isotropic strain 
hardening was considered in the model by scalar internal variable 𝜀𝑒𝑞
𝑝  corresponding to 
cumulative equivalent plastic strain:  
 
𝜀𝑒𝑞
𝑝 = ∫ 𝜀?̇?𝑞
𝑝𝑡
0
𝑑𝑡                      (3.27) 
 
𝜀?̇?𝑞
𝑝 = ∫
2
3
𝜀?̇?𝑗
𝑝𝜀?̇?𝑗
𝑝𝑡
0
𝑑𝑡                      (3.28) 
 
𝐹(𝜎𝑖𝑗 , 𝜀𝑒𝑞
𝑝 ) = 𝜎𝑣𝑀 − 𝜎
0(𝑇, 𝜀𝑒𝑞
𝑝 )                      (3.29) 
 
where, 𝑇 is the temperature and 𝜀𝑒𝑞
𝑝
 is the cumulative equivalent plastic strain. Strain 
hardening was applied to the model by the Ramberg-Osgood law: 
 
68 
 
𝜎0(𝑇, 𝜀𝑒𝑞
𝑝 ) = 𝑘(𝑇) + 𝐾(𝑇)𝜀𝑒𝑞
𝑝 𝑛(𝑇)
                     (3.30) 
 
where, 𝑘 is the internal variable, and 𝐾 and 𝑛 are the hardening behaviour of the material. 
Prager linear kinematic strain hardening model was used for multi-pass welding. 
Displacement of the elasticity domain in stress space is represented by internal component 
tensor variable 𝜒𝑖𝑗. Kinematic strain hardening model is given by: 
 
𝐹(𝜎𝑖𝑗 , 𝜒𝑖𝑗) = 𝑓(𝜎𝑖𝑗 − 𝜒𝑖𝑗) − 𝑘(𝑇)                    (3.31) 
 
𝜒𝑖𝑗 =
2
3
𝑐(𝑇)𝜀𝑖𝑗
𝑝
                       (3.32) 
 
where, scalar c represents the strain hardening slope, and f the von Mises function. The 
strain hardening slope can be temperature-dependent, also depending in certain cases on 
cumulative equivalent plastic strain, 𝜀𝑒𝑞
𝑝
. 
Temperature dependent material properties used in a simulation for aluminum alloys 6061-
T6 and wire 5356-T6 are depicted in Figures 3.9 and 3.10. Thermal conductivity              
(×10 W/mm.K), density (×10-6 kg/mm2), yield stress (MPa), Young's modulus (GPa), 
specific Heat (×10-1 J/kg.K), thermal expansion coefficient (102/K), Poisson’s ratio, strain 
hardening curves, and yield strength (MPa) are plotted versus the temperature. These 
temperature dependent thermo-physical and thermo-mechanical material properties are 
provided in SYSWELD material data manager database that could be updated by the user. 
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However, in this research default values were used. 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 is 585 °C and 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 equals 
to 650°C for both alloys. 
3.3.5   Coupled physical phenomena 
The physical phenomena involved in thermal-metallurgical-mechanical processes, and 
their interactions, as integrated by SYSWELD, are summarized in following. 
3.3.5.1   Thermal-metallurgical interaction solution 
There are three types of interaction between thermal and metallurgical analyses: 
1.   Metallurgical transformations are depending directly on the thermal history of the part. 
2. Metallurgical transformations accompanied by latent heat effects that modify 
temperature distribution. Changes of phase, such as the change from fusion to 
solidification, are accompanied by latent heat effects that must be taken into account in 
the model. 
3.  The thermo-physical properties of the different phases are temperature-dependent.  
To integrate these phenomena, SYSWELD takes account of heat diffusion via an enthalpy-
based formulation (Equation 3.1). The elementary enthalpy of each phase includes both 
thermal inertia effects and latent heat of transformation. This approach can be used to 
establish strong links between thermal and metallurgical phenomena for a conduction 
heating application. When the internal heat source (Q) and boundary conditions applied to 
the heat equation, the finite element method involves the solution of a system of differential 
equations. Under transient conditions, the equations are integrated by a direct integration 
algorithm (generalized trapeze method). 
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3.3.5.2   Metallurgical-mechanical interaction solution 
A material is characterized at any moment by the proportions of its constitutive phases. 
Metallurgy is involved in mechanical analysis, principally through two effects: 
1. Volume changes are resulting from metallurgical transformations. Volume changes 
occurring during metallurgical transformations are modelled using a thermo-
metallurgical strain. The thermal strain of each phase differs not only by its gradient, 
representing the coefficient of expansion but also by its origin ordinate, reflecting the 
change of volume during transformation. These changes are added to thermal strain, 
and make a significant contribution to the generation of residual stresses and strains. 
2.  Special behaviour linked to the multi-phase aspect of the material. The behaviour law 
must be temperature dependent, representative of the phase mix, and reproduce the 
transformation plasticity phenomenon. Models are available within SYSWELD to 
describe the transformation kinetics of most materials. The models can deal with 
several transformations between several phases. 
3.3.5.3   Thermal-metallurgical-mechanical interaction solution 
The temperature field frequently has a significant influence on the mechanical properties 
of a material. For the majority of mechanical applications, the primary effect is due to 
thermal expansion. This effect modifies the mechanical behaviour relation. In addition, the 
mechanical properties of materials (Young's modulus, yield stress, etc.) are temperature-
dependent. The effect of mechanical dissipation, due to plastic deformation, upon 
temperature values causes reduction of distortion. SYSWELD can integrate these effects 
and mechanical field impact on thermal boundary conditions in a coupled approach. A 
thermal load naturally is superimposed on other, mechanical loads.  
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Yield strength, 𝜎𝑦, is defined as 𝜎𝑦(
𝑝, 𝑇)  for a thermo-mechanical problem. The effect of 
metallurgical phase transformations is such that 𝜎𝑦(
𝑝, 𝑇) takes the form of 𝜎𝑦(
𝑝, 𝑇, 𝑃) 
where P is the transformed fraction of each phase. The dependency of yield stress upon 
temperature and phase fraction is critical to the numerical simulation results. Landau et al. 
(1960) showed that the temperature dependent yield stress had a direct influence over the 
predicted residual stress values. It has been shown by El-Ahmar (2007) that the dependency 
of yield stress value upon temperature has strong influence over both the residual stresses 
and distortions. 
An investigation of material properties for Al-Mg-Si aluminum alloy (Zain-ul-abdein et al. 
2010) reveals that the yield stress value changes considerably at high temperatures. Such a 
drastic change in values introduces high material non-linearity during simulation, avoiding 
which may result in fallacious findings of distortions and residual stresses. Likewise the 
inclusion of a new phase, Phase-II, necessarily means an introduction of a new material 
with a different set of material properties. The Phase-I, initially present as 100%, starts 
transforming into other phases (Phase-II and Phase-III) upon heating. The transformation 
appears beyond 250 °C for Al-Mg-Si. Upon reaching this temperature, other phases appear 
and transformation continues till the end of heating while no transformation takes place 
during cooling. Residual phase fractions in the fusion zone and HAZ happen. The 
temperature dependent yield stress values for the new material phases were adopted from 
SYSWELD material database as shown in Figures 3.9 (d) and 3.10 (d). These values for 
aluminum alloy  6061-T6 and 5056-T6 range from 130 MPa at 20 °C to 54 MPa at 200 °C 
and then to 14 MPa at 450 °C. In aluminum alloys, a linear mixture rule is used to calculate 
multi-phase properties for a model.  
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(c)  
 
(d)  
 
Figure 3. 9:  Material properties for aluminum alloy 6061-T6 in SYSWELD (a) Thermal 
conductivity, density, thermal expansion coefficient, and Poisson’s ratio  vs. temperature 
(b) Yield stress, Young’s Modulus, and specific heat vs. temperature (c) Strain hardening 
(d) Yield strength vs. temperature 
0
200
400
600
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
T
ru
e 
st
re
ss
 (
M
P
a)
Strain
0⁰ Phase 1 20⁰ Phase 1
50⁰ Phase 1 100⁰ Phase 1
150⁰ Phase 1 200⁰ Phase1
250⁰ Phase 1 300⁰ Phase 1
350⁰ Phase 1 400⁰ Phase 1
450⁰ phase1
0
100
200
300
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
T
ru
e 
st
re
ss
 (
M
P
a)
Strain
0⁰ Phases 2 and 3 20⁰ Phases 2 and 3
50⁰ Phases 2 and 3 100⁰ Phases 2 and 3
150⁰ Phases 2 and 3 200⁰ Phases 2 and 3
250⁰ Phases 2 and 3 300⁰ Phases 2 and 3
350⁰ Phases 2 and 3 400⁰ Phases 2 and 3
450⁰ Phases 2 and 3
0
100
200
300
0 100 200 300 400 500 600 700
Y
ie
ld
 s
tr
en
g
th
 (
M
P
a)
Temperature (°C)
Phase 1
Phases 2 and 3
74 
 
 
 
(a) 
 
 
 
 
(b)  
0
0.5
1
1.5
2
2.5
3
0 150 300 450 600 750 900 1050 1200
T
h
er
m
al
 c
o
n
d
u
ct
iv
it
y
 ˟
1
0
 (
W
m
m
-1
K
-1
)
D
en
si
ty
 ˟
1
0
-6
(k
g
 m
m
-3
)
T
h
er
m
al
 E
x
p
an
si
o
n
 c
o
ef
fi
ci
en
t 
(1
0
2
/°
K
)
P
o
is
so
n
 r
at
io
Temperature (⁰C)
Thermal conductivity
Density
Thermal expansion
Poison coefficient
0
75
150
225
0 150 300 450 600 750 900 1050
Y
ie
ld
 s
tr
es
s 
(M
P
a)
Y
o
u
n
g
's
 M
o
d
u
lu
s 
(G
P
a)
S
p
ec
if
ic
 H
ea
t 
˟1
0
-1
(J
k
g
 -
1
K
-1
)
Temperature (⁰C)
Yield stress
Young's modulus
Specific heat
75 
 
 
 
(c)  
 
(d)  
 
Figure 3. 10: Material properties for aluminum alloy 5356-T6-T6 in SYSWELD (a) 
Thermal conductivity, density, thermal expansion coefficient, and Poisson’s ratio  vs. 
temperature (b) Yield stress, Young’s Modulus, and specific heat vs. temperature (c) Strain 
hardening (d) Yield strength vs. temperature 
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3.3.6   Validation of the finite element model  
Verification and validation (V&V) of computational simulations are the primary methods 
to make sure that simulation is critically assessed. Quantitative assessment of accuracy for 
important physical cases is mandatory, and it is a necessary condition for credibility. 
Methods must be devised for measuring the accuracy of the model for as many application 
conditions of the model as is deemed appropriate.  
3.3.6.1   Validation metric and verification  
Validation and verification are tools for assessing the accuracy of the conceptual and 
computer models. A graphical representation of the fundamental meaning of V&V was 
constructed by the Society for Computer Simulation (SCS) in 1979, as shown in Figure 
3.11 (a). The conceptual model (mathematical model) is produced by analyzing the 
physical system of interest, and it is composed of mathematical modelling data and 
mathematical equations. The computerized model (computer model) is a computer 
program that implements a conceptual model. The SCS (1979) defined qualification as the 
‘‘Determination of adequacy of the conceptual model to provide an acceptable level of 
agreement for the domain of intended application’’ (Schlesinger 1979).  
The strategy of verification is to identify, quantify, and reduce errors in the computational 
model and its numerical solution as well as demonstrating the stability, consistency and 
robustness of the numerical scheme. Figure 3.11 (b) illustrates the verification process of 
comparing the numerical solution from the code in question with various types of highly 
accurate solutions (AIAA 1998).  
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Figure 3. 11: (a) Phases of modelling and simulation and the role of V&V (Schlesinger 
1979) (b) Verification process (AIAA 1998) (c) Validation process (AIAA 1998) 
 
The strategy of validation involves quantifying the error and uncertainty in the conceptual 
and computational models, quantifying the numerical error in the computational solution, 
estimating the experimental uncertainty, and then comparing the computational results 
with the experimental data. Figure 3.11 (c) illustrates the validation process of comparing 
the computational results of the modelling and simulation process with experimental data 
(AIAA 1998). Three elements of a validation assessment are the results to be compared, 
the manner (metric) in which to make the comparison, and the assessment of the adequacy 
of the comparison. Simple validation metrics, i.e. a quantification of how well a 
measurement and simulation result compare, for response histories have been proposed by 
Geers (1984), Russell (1997a) and Oberkampf & Trucano (2002). The metrics are based 
on either normalized time integrations of the wave forms or point-wise differences between 
a measurement and its corresponding computed value. The Geers and Russell metrics 
(a) 
(b) (c) 
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provide a single number, comprehensive error (C-error) factor, which combines the error 
due to magnitude differences, in the measured and simulated wave forms, with the 
corresponding error due to phase differences.  
The Oberkampf & Trucano metric is formulated in a manner that quantifies the comparison 
as a single value, with a low number indicating a lack of agreement and a high unity number 
indicating greater agreement. The use of the hyperbolic tangent function to perform the 
zero-to-unity interval mapping seems too heavily weighted toward small magnitude 
difference errors. This metric also suffers from an ‘averaging effect’ where the value of the 
error term decreases as the number of zero evaluation points increases. Perhaps the most 
important feature of the Oberkampf & Trucano metric is the expanded form where variance 
in the measurements is included in the metric. The methodology applies to finite-
difference, finite volume, finite element, and boundary element discretization procedures 
(Oberkampf 2004). The validation metric proposed by Oberkampf & Trucano (2002) is 
based on the relative error between the measurement and the corresponding numerical 
result that is expressed as: 
 
𝑐 (𝑡𝑖)−𝑚(𝑡𝑖)
𝑚(𝑡𝑖)
                        (3.33) 
 
Where, 𝑚(𝑡𝑖) is the measurement at discrete time (𝑡𝑖) and 𝑐(𝑡𝑖) is the corresponding 
numerical result, i.e. the difference between the calculation and the measurement is 
normalized. Since the value of the relative error can have a large range, it is convenient to 
map this range into a zero-to-unity range using the hyperbolic tangent function: 
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tanh |
𝑐 (𝑡𝑖)−𝑚(𝑡𝑖)
𝑚(𝑡𝑖)
 |                        (3.34) 
 
Finally, the sum of the mapped relative error terms are accumulated, and averaged by the 
number of samples, to produce the following validation metric (VM): 
 
𝑉𝑀 = 1 −
1
𝑁
∑ tanh |
𝑐 (𝑡𝑖)−𝑚(𝑡𝑖)
𝑚(𝑡𝑖)
|𝑁𝑖=1                     (3.35) 
 
In addition to using the relative error, this validation metric assures that both positive and 
negative errors are accumulated and do not cancel each other. Figure 3.12 shows the 
validation metric given in Equation (3.35) as a function of constant relative error, or 
equivalently for a single discrete time. All of the validation metrics presented require the 
measurement and simulations results to be sampled at the same discrete times. This can 
most easily be addressed when the experimental group provides the sampling interval for 
the measurements, and the numerical simulation groups report their results at the specified 
sampling interval. When the sampling intervals vary, the simulation results can be 
interpolated to provide results with the same sampling rate used for the measurements. 
The relative error in Equation (3.35) is normalized to the measured data. When the 
measurements are zero, or near zero, the division operation produces an infinite, or very 
large, relative errors, regardless of the value of the corresponding simulation result. To 
protect against such divide by zero operations, measurements with zero values were 
skipped.  
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Figure 3. 12: Validation metric by Oberkampf & Trucano, as a function of relative error. 
 
 
In the current research, validation metric using Oberkampf-Trucano method (shown as 
“OT” on figures) was provided to measure the agreement between computational results 
and experimental measurements for quantities of interest.  
3.4   Validation of the model using residual stress measurements in a butt joint and 
parametric studies  
The residual stresses can be found after welding is completed, and the structure is cooled 
to the room temperature. Induced residual stresses and strains can have a major effect on 
the quality and mechanical strength of a component. Residual stresses and distortions 
induced by welding are among the most studied subjects in welded structures 
(Ahmadzadeh et al. 2010, Kohandegan et al. 2011, 2010, Jamshidi et al. 2012). 
Directionally the welding stresses subdivide into longitudinal which is along to the welding 
direction and transverse that are perpendicular to the weld line and out-of-plane. By origins, 
the welding stresses are subdivided into: thermal stress (caused by nonuniform temperature 
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distribution), stresses caused by the plastic deformation of the metal and stresses caused by 
phase transformations. Residual stresses are created when a material is subjected to a non-
uniform temperature change associated with the localized heating of the welded material. 
The thermal gradients cause the localized expansion that is restrained by the surrounding 
colder material that is followed by non-uniform contraction during cooling. Furthermore, 
the mechanical constraint of the metal sheet by the clamp fixture will cause additional 
stress. Typical distributions of residual stresses in butt joints of plates are presented in 
Figure 3.13. Components of residual stress are categorized into transverse and longitudinal, 
and out-of-plane designated as 𝜎𝑥, 𝜎𝑦, and 𝜎𝑧 respectively.  
  
                                     (a)                                            (b)  
 
          
(c)  
 
Figure 3. 13: Typical distributions of residual stresses in a weld (Kou 2003) (a) Butt weld 
(b) Distribution of  𝜎𝑥 along y (c) Distribution of  𝜎𝑦 along x 
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The expansion of the fusion zone exerts compressive stresses on the regions immediately 
adjacent to it. Once the material starts to solidify, shrinkage takes place in the weld area 
that then exerts stresses on the surrounding HAZ. Some of the stresses may be released by 
relaxing these boundary conditions at the end of welding. Longitudinal stresses will have 
the strongest influence on the distortion and/or failure of the material. These longitudinal 
residual stresses are mostly tensile in nature while the transverse stresses are compressive 
in the fusion zone and tensile in the HAZ. 
Across the weld line, the tensile stresses in the longitudinal direction are found in the weld 
region and compressive stresses occur away from weld line (Figure 3.13(b)). Transverse 
stresses distributions along the weld line are typically compressive in the ends of the plate, 
otherwise are tensile with the lower magnitude of stresses than longitudinal residual stress 
(Figure 3.13 (c)). Residual stress profiles across the welds are distributed asymmetrically 
where the maximum tensile residual stress occurs.  
In order to extend the knowledge on various problems associated with welding, a series of 
tests were conducted where the residual stresses are evaluated. Residual stresses have been 
measured to determine their magnitude and distribution around the weld line and the base 
metal. The finite element modelling was conducted to for parametric studies. In following 
the experiment, the methodology is explained.  
3.4.1   Experiment methodology for X-ray measurement of residual stresses 
The residual stress profiles were measured non-destructively using the X-ray diffraction 
technique that is well established for the study of residual stresses inside components. X-
ray diffraction technique allows for rapid measurements of strains inside components and 
uses the changes in the spacing of the internal crystal lattice planes as an atomic strain 
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gauge (Zhang et al. 2009). In general, when an X-ray beam is reflected off of a material, 
information can be obtained from the material such as residual stress, crystal orientation 
and material structure. When the material is in tension, the d-spacing increases and, when 
under compression the d-spacing decreases. If (𝜆) X-ray beam impinges upon a sample 
with crystallographic planes (ordered lattice spacing (d)), constructive interference will 
occur at an angle 𝜃. Changes in strain and thus the d-spacing translate into changes in the 
diffraction angle 𝜃 measured by the X-ray detectors and stresses can be determined from 
the measured d-spacings. This behaviour is described by Bragg’s Law, which relates the 
wavelength of the incoming wave 𝜆, the spacing of the planes in the scattering array d, and 
the angle of incidence and diffraction 𝜃. The d-spacings are calculated using Bragg's Law: 
 
𝜆 = 2𝑑𝑠𝑖𝑛𝜃                       (3.36) 
 
By varying either the incident wavelength of the radiation or by observing the intensity of 
diffracted photons from different angles of, it is possible to determine the spacing of the 
lattice planes of a crystal. This is shown schematically in Figure 3.14.  
Elastic strains in the sample result in a change of the spacing of the crystal planes, by 
measuring 𝛥𝜃, for the position of the Bragg peaks, the strain may be calculated using 
Equation: 
 
 𝛥𝜃 = −
𝛥𝑑
𝑑
tan 𝜃                      (3.37) 
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Figure 3. 14: Bragg’s law represented schematically (Johnson 2008) 
 
The lattice strain, , in the direction of the scattering vector, is thus given explicitly as: 
 
 =
𝑑−𝑑0
𝑑0
=
𝛥𝑑
𝑑
= −𝛥𝜃 cot 𝜃                                (3.38) 
 
Where, 𝑑0 is the lattice spacing for the material under no stress. Estimating the value of 𝑑0 
can be done in a number of ways (Withers et al. 2001) and the simplest one is to:  
1. Measure in a section of the same sample that is assumed to be stress-free, for instance, 
far from the weld line in a welded plate. 
2. Measure a powder from the sample material (Powder diffraction is the most commonly 
applied for phase analysis and structure determination of polycrystalline samples. 
Powder samples are exposed to a beam of monochromatic X-rays to generate an X-
ray diffraction pattern. This pattern is a unique fingerprint of the material and gives 
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structural information about the material. These patterns can be compared to known 
patterns in database to identify uniquely the material.) 
Triaxial residual stresses can be calculated from measured strains. In general, diffraction 
elastic constants E and ν have to be used depending on the crystallographic plane used for 
the strain measurement. Assuming a plane stress state in a thin specimen (𝜎 𝑧 = 0), 𝑑0 can 
be calculated for each point (Albertini et al. 1997, O’Brien et al.  2000, Hutchings et al. 
2005); the stresses 𝜎 𝑥 and 𝜎 𝑦 are evaluated using the elasticity under plane stress 
condition. 
In X-ray diffraction instruments used in the laboratory (Figure 3.15), the X-rays are usually 
generated by colliding a stream of energetic electrons with the metal target (Figure 3.16). 
The electrons are produced by a heated filament within a chamber and are accelerated by 
a strong electric field. Upon impacting the target, the resulting X-rays are emitted through 
a thin X-ray transparent window. The spectrum of the emitted X-rays encompasses the 
range of energy levels up to that of the accelerated electrons, with several sharp intense 
peaks that are characteristic of the target material, which if combined with suitable filters, 
can produce an approximately monochromatic beam (Johnson 2008). The X-ray photons 
thus only penetrate very slightly into the sample. Details of the specimens and procedure 
of measurement are presented in following. 
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Figure 3. 15: Laboratory X-ray diffraction (www.Protoxrd.com)  
 
 
Figure 3. 16: Schematic of a lab X-ray source (Johnson 2008) 
 
3.4.2   Butt-welded specimens for X-ray measurement  
In the present study, the metal used is aluminum alloy 6061-T6, and the wire was aluminum 
alloy 5356-T6 that is a common wire material in the industry for 6000 series aluminum 
alloys. The chemical compositions of the base metal and wire are presented in Table 3.1. 
Specimens with three thicknesses of 1.6, 3.2, and 4.8 mm and welding electrode 5356-T6 
with 1.2 mm diameter were used. Two series of specimens were made with weld on one 
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side of specimens and weld on both sides of specimens. Specimens’ specifications are 
shown in Table 3.2. Two pieces of 100 mm × 100 mm aluminum sheet were welded by 
GMAW welding. The size of the weld is between 1.6 mm which is the thickness of the 
thinnest plates to 2.4 mm which is the deepest penetration that welding can conduct. For 
thick plates to have full penetration weld on both sides are necessary. The welding machine 
system and welding torch are shown in detail in Figure 3.17. The welding was performed 
at the “Greco aluminum railings”, which is a CSA W 47.2 certified welding company 
located in Windsor, Canada. Figure 3.18 presents the welding machine used for 
experiments.  
 
                  (a)                   (b)  
 
Figure 3. 17: (a) Schematic sketch of MIG Welding system (b) Welding torch 
 
 
 
Figure 3. 18: (a) MIG welding machine setup at Greco aluminum railings, Windsor             
(b) Welding torch (c) Power source 
(a) (b) 
(c) 
Torch 
Wire feeder 
Power source 
Work table 
Wire source 
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Applied weld parameters are shown in Table 3.3 including the weld current 205 A, voltage 
30 V, and welding speed 11 mm/s. Heat input is calculated by the following equation: 
 
Heat input = (
𝐾𝐽
𝑐𝑚
) =
𝑉(𝑣𝑜𝑙𝑡𝑎𝑔𝑒).𝐼(𝐴𝑚𝑝𝑒𝑟𝑒)
𝑣(
𝑐𝑚
𝑠
)
.. 10−3                           (3.39) 
 
The designed process experiment was the welding with weld on one side and weld on both 
sides of each specimen. The dimensions and configuration of the joint are shown in Figure 
3.19. Strain measurements were carried out on the ABCD plane in Figure 3.20. 
 
Table 3. 1: Chemical composition of base metal and wire alloys used for butt joint (%) 
Alloy Mg Si Cu Mn Cr Other 
6061 0.8-1.2 0.4-0.8 0.15-0.4 0.15 0.04-0.35 0.25 Zn, 0.15 Ti, 0.7 Fe 
5356 4.5-5.5 0.25 0.3 0.05-0.2 0.05-0.2 0.1 Zn, 0.06-0.2Ti, 0.4 Fe 
 
 
 
Table 3. 2: Butt joint specimens’ specifications 
Sample Material Thickness (mm) Description 
 1 6061-T6 1.6 Weld on one side 
First series 2 6061-T6 3.2 Weld on one side 
 3 6061-T6 4.8 Weld on one side 
Second series 
1 6061-T6 1.6 Weld on both sides 
2 6061-T6 3.2 Weld on both sides 
3 6061-T6 4.8 Weld on both sides 
 
 
 
Table 3. 3: Welding parameters for butt joint specimens 
 
Voltage 
(V) 
Current 
(A) 
Efficiency 
Heat input 
(kJ/cm) 
Speed  
(mm/s) 
Length 
(mm) 
Size 
(mm) 
Value 30 205 0.75 3.8 11 100 1.6-2.4 
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(a) 
 
 
 
(b)  
 
Figure 3. 19: Welded specimens dimensions (a) Specimen with weld on one side                  
(b) Specimen with weld on both sides 
 
 
 
Figure 3. 20: Measurement locations on welded specimen 
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The mechanical boundary condition is critical for determining the correct residual stresses 
and distortion. A schematic representation of the mechanical boundary conditions is 
represented in Figure 3.21. The welding was performed with clamping along the full length 
of the two plates to minimize distortion. Two sheet metal halves were rigidly clamped 
along longitudinal direction far from the weld line. The clamping was released after the 
welding was completed. 
 
 
Figure 3. 21: Mechanical and thermal boundary conditions  
 
A schematic representation of the thermal boundary conditions is shown in Figure 3.21. 
Free convection and radiation were presented at the surfaces where the surface is exposed 
to the atmosphere. Thermal conductance is present at the interface between the sample and 
the support as well as the edge of the sample. Double ellipsoidal heat source parameters 
used for simulation are as in Table 3.4. 
 
Table 3. 4: Heat source parameters used for butt joint simulation 
 𝒂𝒇 (mm) 𝒂𝒓 (mm) 𝒃 (mm) 𝒄 (mm) 𝒇𝒇 (mm) 𝒇𝒓 (mm) 
Value 4.5 9 4.5 2.4 0.6 1.4 
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In order to be able to investigate the weld pool, macro etch test was conducted which allows 
the tester to show cross section of the weld, and see the arrangement of the grains in the 
parent metal and the weld material. Macro etch test is explained in following. 
3.4.3   Macro etch test on the butt joint 
Minimal equipment is needed to perform a macro etch test. It can also show up defects 
such as porosity, inclusions, and weak fusion. Firstly, it involves cutting a sample from the 
welded joint. For cross-sectional analysis of weld nuggets, specimens were sectioned from 
the welded regions. Conventional metallography procedure for aluminum alloys was 
followed. The mounted specimens were ground through a series of silicon carbide abrasive 
papers (180-, 240-, 400-, and 600-grit) at 200 rpm using water as a coolant.  Subsequently, 
polishing was performed using 3 and 1-micron diamond suspensions on a napped cloth at 
120 rpm while the surfaces were water cooled. The polished specimens were rinsed with 
ethanol and dried in cool air. Finally, the surfaces were etched in an aqueous solution 
containing 2% HF before being examined under a stereo microscope.    
3.4.4   Experiment procedure for X-ray measurement on the butt joint 
The X-ray diffraction method was utilized to evaluate the transverse stress tensor, across 
the weld cross section. The in-plane principal strain was measured on the both sides of the 
samples using Laboratory X-ray Diffraction (LXRD) machine. Residual stress mapping on 
LXRD provides a comprehensive picture of the residual stress state of the part. Residual 
stress measurements were conducted at the “Proto Manufacturing”, Windsor, Canada. The 
data collection Time for each side of the specimen is 6 hours. A high-performance 
goniometer maintains ASTM E915 (Standard Test Method for Verifying the Alignment of 
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X-ray Diffraction Instrumentation for Residual Stress Measurement) accuracy in a low 
maintenance design. The X-ray elastic constant determination ensures automated residual 
stress measurement material calibration as per ASTM E1426 (Standard Test Method for 
Determining the Effective Elastic Parameter for X-ray Diffraction Measurements of 
Residual Stress). At the core of LXRD, the system is the PROTO XRDWin 2.0 software. 
A comprehensive data collection and stress analysis package with features such as linear 
and elliptical regression, and triaxial methods. Advanced peak fitting functions: parabolic, 
gaussian, cauchy, centroid, and mid-chord.  
3.4.5   Finite element model of the butt joint 
3D simulations are performed using SYSWELD code for analyses, and experimental 
residual stress values are used to validate the FE model. Half of the specimen was modelled 
due to symmetry and for the purpose of faster simulation time. The model geometry of the 
specimen with a schematic heat source on it for a specimen with weld on one side is shown 
in Figure 3.22, and the curve used for mesh convergence study is presented in Figure 3.23. 
The smallest element size around the weld line was approximately 1 mm × 1 mm (aspect 
ratio of 1) and the largest element size was approximately 3 mm × 1 mm (aspect ratio of 
3)at the free edges away from the weld line. Quality of the mesh was avaluated used 
Jacobian algorithm and the minimum value of 0.82 and maximum value of 1.0 were found. 
It was found that three elements through thickness was a compromise between the 
computational cost and accuracy for specimens with 1.6 mm thickness, four elements 
through thickness for specimens with 3.2 mm thickness, and five elements for specimens 
with 4.8 mm thickness. 
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(a) 
 
(b) 
 
Figure 3. 22: Geometry of the butt welded specimen with weld on one side (a) Isometric 
view (b) Section view 
 
 
 
 
Figure 3. 23: Mesh convergence study for the butt-joint with evaluating the maximum 
residual stress in the part 
 
 
The simulation calculated the displacement and stresses for each type of specimen. The 
first type of specimen simulated the experiment condition. Figure 3.24 represents the 
specified boundary conditions during butt joint weld simulations, in which the clamps were 
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were fixed with rigid constraints in which all the three translational degrees of motion was 
blocked (Figure 3.24 (a). During unclamping, the mechanical boundary conditions must 
prevent the rigid body motion of the model. To prevent the rigid body motion, two nodes 
were clamped perpendicular to the plane (xy). One of these nodes needs clamping in order 
to prevent the rotation around an axis perpendicular to the plane (yz). Symmetry prevents 
the translation along the axis perpendicular to the plane (xz). The mechanical constraint for 
the unclamping condition is shown in Figure 3.24 (b).  
 
(a) 
 
(b)  
 
Figure 3. 24: Mechanical constraints for butt joint, clamping and unclamping (a) Clamping 
(b) Unclamping 
 
 
In this study, three types of thermal boundaries were considered as shown in Figure 3.25 
and the results were compared. Figure 3.25 (a) shows the configuration that mimics the 
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experimental condition. The surfaces of the model exposed to the air were subjected to 
convection and radiation heat loss (convective coefficient of 8.5 W/m2K (Dong 2003)). 
While the surfaces that contact the support base plate were subjected to conduction loss 
with a thermal conductivity coefficient of 167 W/m2K at 20°𝐶. The initial ambient 
temperature was assumed to be 20 °C.  
 
(a) 
 
(b) 
 
(c)  
 
Figure 3. 25: Thermal boundary conditions for butt join specimen (a) Thermal boundary 
condition 1 (b) Thermal boundary condition 2 (c) Thermal boundary condition 3 
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As another part of the parametric study, the effect of various clamping conditions on 
residual stress and distortion development were evaluated. Three types of mechanical 
boundary conditions were studied to investigate the effect of welding fixture on residual 
stress distribution. In the first type, no clamping applied during welding and cooling. The 
second type has the similar condition as an experiment which means clamping during 
welding and unclamping during cooling. The last type is to clamp the specimen during 
welding and keeping it during cooling. In all cases, the effect of conduction, convection, 
and radiation was ignored in the clamped surface. 
Moreover, the effect of material thickness on residual stress and distortion values was 
investigated by considering three plate thicknesses of 1.6 mm, 3.2 mm, and 4.8 mm. 
In the next part of the study, the effect of welding speed and heat input on transverse and 
longitudinal residual stresses values and distortions were predicted by FEA with welding 
speeds of 11 mm/s, 12 mm/s, and 10 mm/s and three heat inputs of 3.8 kJ/cm, 4.1 kJ/cm, 
and 4.5 kJ/cm. 
In addition, in order to configure the effect of considering phase transformation in 
modelling on the final mechanical response of the welded components, the simulation was 
completed with and without including the phase transformations effects. 
3.4.6   Experiment and simulation results of the butt joint with weld on one side 
Results are divided into two parts of visual inspection and mechanical results that are given 
in details in following. 
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3.4.6.1   Visual inspection 
Figure 3.26 depicts the section of the butt welded specimens with t = 4.8 mm provided by 
macro etch test on specimens used for residual stress measurement testing. No porosity 
from welding was observed in the macro etched surface. The weld shape is smooth, and 
the width of weldment on the top surface of the specimen is approximately 9 mm. A fine 
weld with complete penetration for two-sided weld and partial penetration for one way 
welding was achieved for specimen with the thickness of 4.8 mm. Figure 3.27 depicts the 
weld line in specimens with weld on one side with three thicknesses. Side A defines the 
welded side in specimens, and side B is the side without weld. Figure 3.28 shows the weld 
line in specimens with weld on both sides. In this figure, side A is the side which is welded 
first and side B was welded after welding of side A.  
 
(a) 
 
 
(b) 
 
Figure 3. 26: Weld pool in welded specimen and dimensions (t = 4.8 mm) (a) Weld on one 
side (b) Weld on both sides 
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(a)  
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
(c)   
 
 
Figure 3. 27: Weld line in specimens with weld on one side used for measurement of 
residual stress by X-Ray (a) 1.6 mm thickness specimen (b) 3.2 mm thickness specimen 
(c) 4.8 mm thickness specimen 
Side A Side B 
Side A Side B 
Side B Side A 
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(a) 
 
 
 
 
(b) 
 
 
 
 
 
(c)  
 
 
Figure 3. 28: Weld line in specimens with weld on both sides used for measurement of 
residual stress by X-Ray (a) 1.6 mm thickness specimen (b) 3.2 mm thickness specimen 
(c) 4.8 mm thickness specimen 
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Side B Side A 
Side A Side B 
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3.4.6.2   Thermal results  
The comparison of the weld pool shape in Figure 3.29 indicates that the simulated weld 
pool shape for specimen with 4.8 mm thickness is similar to the measured experimental 
weld pool shape, and the simulated weld pool shapes verify the correct implementation of 
the heat source model. Figure 3.30 shows the temperature distribution across the weld line 
at different distances. Figure 3.31 (a) depicts the temperature variation in three nodes at 
start, middle, and end of the welding which confirms the temperature in beginning part and 
ending part of the welding is higher than the steady-state region. It can be observed that 
the heating is very steep while the cooling process due to the convection and radiation heat 
transfer is relatively slow. The cooling process is relatively slow because of the thermal 
conductivity of the aluminum substrate. In order to determine the transient region at the 
beginning and end of the welding, temperature distribution were plotted at various points 
along the weld line in the centre of the weld and it was found that for specimen with 3.2 
mm thickness, 20 mm from the beginning and 14 mm from the ending are in transient area 
as shown in Figure 3.31 (b). Figure 3.32 shows the temperature distribution in the specimen 
during welding at different stages. In Figure 3.33 the effect of thermal boundary conditions 
on temperature distribution contour during welding is presented. 
 
101 
 
 
 
Figure 3.  29: Weld pool in specimen and simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 30: Temperature distribution across the weld line 
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(a) 
 
 
 
 
(b) 
 
Figure 3. 31: Temperature plots on different positions on centre of the weld line for 
specimen with 3.2 mm thickness (a) Temperature plots at the start node, middle node, and 
end node (b) Temperature plots on the top surface at various points along the weld line 
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(a) 
 
 
(b)  
 
 
(c) 
 
Figure 3. 32: Predicted temperature distribution on the specimen and at mid-length section 
of the weld in three stages (a) Heat source at start point (b) Heat source at mid-point (c) 
Heat source at endpoint 
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(a) 
 
(b) 
 
(c)  
 
 
Figure 3. 33: Effect of thermal boundary conditions on temperature history (a) Thermal 
boundary condition 1 (b) Thermal boundary condition 2 (c) Thermal boundary condition 3 
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3.4.6.3   FEA validation by residual stress measurements  
Residual stress measurements were used to validate the FEA model and then parametric 
studies were conducted for residual stress and distortions.  
The experimental contour variations of residual stresses measured by X-ray are shown in 
Figure 3.34. Averages of 5 measurements versus distance from the weld line, at different 
positions of the plate with various thicknesses measured by X-Ray technique and the results 
from the FEA model, are plotted in Figures 3.35 and 3.36 for both sides of the specimens. 
The experimental and FEA maximum values of the residual stress on both faces of the 
weldments with different thicknesses are presented in Figure 3.37. The maximum value of 
the residual stress is the compression stress of 90 MPa and a tensile stress of 42 MPa. The 
predicted FEA contour variations of transverse, longitudinal, normal and von Mises 
residual stresses after cooling are depicted in Figure 3.38. The tensile stress distributes 
along the weld line, but reduces to compressive stress at the starting and ending edges of 
the weld line. Perpendicular to the weld, tensile stress following by compressive stress is 
observed in both transverse and longitudinal stresses.  
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(a) 
 
 
   
 
  (b) 
 
 
 
(c) 
 
 
Figure 3. 34:  Residual stress by X-Ray on specimens with weld on one side (a) 1.6 mm 
thickness specimen (b) 3.2 mm thickness specimen (c) 4.8 mm thickness specimen 
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(a)  
 
 
 
 
(b) 
 
 
Figure 3. 35: The average of 5 measurement values of transverse residual stress on side A 
of the specimens measured by X-Ray and FEA values (a) X-ray (b) FEA 
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(a) 
 
 
 
 (b)  
 
 
Figure 3. 36: The average of 5 measurement values of transverse residual stress on side B 
of the specimens measured by X-Ray and FEA values (a) X-ray (b) FEA 
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Figure 3. 37: Maximum and minimum residual stress values on specimens and FEA 
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(c) 
  
 
(d) 
 
Figure 3. 38: Predicted residual stress distributions on the specimen and at mid-length 
section of the weld (t = 3.2 mm) (a) Transverse residual stress (b) Longitudinal residual 
stress (c) Normal residual stress (d) von Mises residual stress in various sections along the 
weld 
 
 
 
Figure 3.39 shows the longitudinal residual stress across the weld line, and it demonstrate 
that the maximum longitudinal stress of 217 MPa is much higher than the maximum 
transverse stress of 90 MPa for specimen with thickness of t = 3.2 mm. Figure 3.40 (a) 
presents the transverse residual stresses along the weld line in two locations of the 
  
 
 
Side A Side B 
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maximum tensile stress (8 mm from the centreline of the weld) and minimum compressive 
stress (on the centreline of the weld) from experiment and FEA. Transverse residual stress 
is compressive at the edges (-50 MPa) and is tensile at the centre (52 MPa) in 8 mm from 
the cetre line of the weld. Trasnverse residual stress at the centreline of the weld is 
compressive at the centre (-45 MPa) and at the edges (-150 MPa). In Figure 3.40 (b) 
longitudinal stresses along the weld line in the centreline of the weld are shown, and it 
appears that the longitudinal stress in maximum at the centre as well (217 MPa). 
 
 
 
 
Figure 3. 39: Longitudinal residual stress comparing to transverse residual stress across the 
weld line 
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(a) 
 
 
(b)  
 
 
Figure 3. 40: Transverse and longitudinal residual stresses along the weld line direction (a) 
Transverse residual stress (b) Longitudinal residual stress 
-200
-150
-100
-50
0
50
100
150
0 20 40 60 80 100
R
es
iu
d
u
al
 s
tr
es
s 
(M
P
a)
Longitudinal distance (mm)
Side A
Max compressive stress-FEA
Max tensile stress-FEA
Max compressive stress-Exp
Max tensile stress-Exp
-100
0
100
200
300
0 20 40 60 80 100
R
es
iu
d
u
al
 s
tr
es
s 
(M
P
a)
Longitudinal distance (mm)
Side A
Longitudinal stress
113 
 
The overall analysis of residual stress state indicates that the maximum longitudinal tensile 
stress is 217 MPa which is close to the yield strength of the material (250 MPa) which 
implies that this component of stress will have the strongest influence on the failure of the 
material (Ahmadzadeh et al. 2010, Zain-ul-abdein et al. 2009). 
Having obtained good agreement between experimental and simulated transverse residual 
stress results, the parametric study can be conducted to predict the residual stress for 
different cases. Parametric studies were performed on the specimen with 3.2 mm thickness 
in following. 
3.4.6.4   Effect of the welding speed on residual stress values  
The effect of welding speed on residual stresses values were evaluated by FEA (Figure 
3.41) with welding speeds of 11 mm/s which is similar to the experiment specimens,           
12 mm/s, and 10 mm/sec. Transverse and longitudinal residual stresses decrease as the 
welding speed increases which is because of the less heat input the specimen received. An 
increase is observed for maximum transverse tensile stress from 37 MPa to 61 MPa, 
maximum transverse compressive stress from 63 MPa to 97 MPa, and maximum 
longitudinal tensile stress from 210 MPa to 248 MPa (close to yield strength of the alloy)  
on the side A of the specimen. 
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Figure 3. 41: The effect of welding speed on transverse and longitudinal residual stresses 
(a) Transverse residual stress (b) Longitudinal residual stress 
 
3.4.6.5   Effect of the heat input on residual stress values  
Effect of heat input on distribution of residual stresses were predicted by considering three 
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4.1 kJ/cm, and 4.5 kJ/cm. The results are depicted in Figure 3.42 for transverse and 
longitudinal residual stresses. The pick transverse and longitudinal tensile residual stresses 
increase from 42 MPa and 217 MPa to 50 MPa and 242 MPa on side A of the specimen as 
the heat input increases from 3.8 KJ/cm to 4.5 KJ/cm. 
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(b) 
Figure 3. 42: The effect of heat input on longitudinal residual stresses (a) Transverse 
residual stress (b) Longitudinal residual stress 
 
3.4.6.6   Residual stress variation with mechanical boundary conditions  
Effect of three types of mechanical boundary conditions on residual stress distribution was 
compared in Figure 3.43. The highest values of residual stress are when rigid clamping was 
held until the end of cooling (99 MPa compressive on side A), and the lowest stresses 
happened when no clamping applied during welding and cooling (37 MPa compressive on 
side A). Between 65%-75% decrease in residual stresses was observed case (a) to (c). 
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(a)  
 
            
(b) 
 
            
(c)  
Figure 3. 43: Effect of a clamping fixture on transverse and longitudinal residual stress in 
specimen and at mid-length section (a) Unclamp during welding and cooling (b) Clamp during 
welding and unclamp during cooling (c) Clamp during welding and cooling 
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3.4.6.7   Effect of phase transformations on predicted residual stress results 
The residual stress profiles of welded aluminum alloy 6061-T6 specimen, are shown in 
Figures 3.44. It is understood that there is 19%-22% error for residual stress on two sides 
of the weldment when ignoring the phase transformations in the simulation. Residual stress 
contour are shown in Figure 3.45 for transverse and longitudinal stresses. 
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(b) 
 
Figure 3. 44: Comparison between residual stresses values from the simulation with and 
without considering the phase transformations effects (a) Transverse residual stress            
(b) Longitudinal residual stress 
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(a)  
 
        
(b)  
 
Figure 3. 45: Effect of phase transformations on residual stresses (with phase 
transformations in the left and without phase transformations in the right) in specimen and 
at mid-length section (a) Transverse residual stress (b) Longitudinal residual stress 
 
3.4.6.8   Distortion prediction using simulation  
During heating and cooling, thermal strains occur in the weld metal and regions around the 
weld. The stresses caused by these strains produce internal forces that create distortions. 
Types of distortion for a butt joint are presented in Figure 3.46 are classified as angular 
deformation, transverse deformation, longitudinal deformation, bending deformation, and 
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buckling. Transverse shrinkage is the shrinkage perpendicular to the weld centreline, 
longitudinal shrinkage is a shrinkage in the direction of the weld line, angular distortion is 
caused by nonuniform temperature distribution in the through-thickness direction, 
rotational distortion is the angular distortion in the plane of the plate due to thermal 
expansion or contraction, bending distortion is the distortion in a plane through the weld 
line and perpendicular to the plate, and buckling is the distortion caused by compressive 
stresses inducing instability when the plates are thin. Distortion results in three principal 
directions from finite element simulation for experiment boundary conditions are presented 
in Figure 3.47. From all the figures, longitudinal (x-direction), transverse (y-direction), and 
out-of-plane displacement (z-direction) are generated in the butt welded joint. Out-of-plane 
distortions in directions along the weld and across the weld line for half of the specimen 
are depicted in Figure 3.48. Maximum distortion is at the centre of the workpiece in both 
transverse and longitudinal directions (0.55 mm). 
 
 
  
 
Figure 3. 46: Types of distortion (Masubuchi 1980) 
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Figure 3. 47: Distortion in principal directions (a) x-direction (b) y-direction (c) z-direction 
in specimen and at mid-length section 
 
 
 
(a)                              (b)  
Figure 3. 48: Distortions in transverse and longitudinal directions (a) Distortion across the 
weld line (right half of the specimen) (b) Distortion along the weld line 
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  3.4.6.9   Distortion variation with mechanical boundary condition  
The results of the distortion distribution in the z-direction, after cooling and unclamping 
for the three types of mechanical boundary conditions, are shown in Figure 3.49. In the 
first type, maximum distortion is at the far end away from the weld (0.84 mm). With second 
types of clamping, the maximum bending is at the free end region away from the weld line 
but less than the first type. Also, there is more distortion in weld area than the first type. In 
the third case, the maximum distortion is at the weld area (0.36 mm). It is observed that the 
maximum displacement occurs towards the centre plane of the sheets.  
 
        
(a)       (b) 
 
 
 (c)  
 
Figure 3. 49: Effect of a clamping fixture on distortion distribution in z-direction in 
specimen and at mid-length section Unclamp during welding and cooling (b) Clamp during 
welding and unclamp during cooling (c) Clamp during welding and cooling 
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 3.4.6.10   Effect of welding speed on distortions  
The results for the out-of-plane displacement on side A of the specimen for different 
welding speeds with a constant heat input of 3.8 kJ/cm are shown in Figure 3.50. Three 
welding speeds were considered consisting the 11 mm/s as for the experimental specimens, 
11 mm/s, and 10 mm/s which are same as the residual stress parametric study. The contours 
in these figures represent the z-direction displacement. Higher welding speeds cause a 
reduction in out-of-plane displacement. Distortion reduced from 0.77 mm for the welding 
speed of 10 mm/s to 0.55 mm for the welding speed of 12 mm/s in the direction of 
perpendicular to the weld. In the longitudinal direction, distortion reduced from 0.65 mm 
corresponding to the welding speed of 10 mm/s to 0.55 mm for the welding speed of 12 
mm/s. 
 
  
 
Figure 3. 50: Effect of welding speed on out-of-plane distortion 
 
3.4.6.11   Effect of heat input on distortions  
The results of out-of-plane displacement on side A of the specimen for different welding 
heat inputs with the welding speed of 11 mm/s are shown in Figure 3.51. Three heat inputs 
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of 3.8 kJ/cm, 4.1 kJ/cm, and 4.5 kJ/cm were chosen. Results show that the higher heat input 
causes an increase in the out-of-plane distortion, as a result of a larger amount of heat input 
delivered into the sheet during the welding process. Distortion reduced from 0.73 mm for 
the heat input of 4.5 KJ/cm to 0.55 mm for the heat input of 3.8 KJ/cm in the transverse 
direction. In the direction along the weld, distortion reduced from 0.62 mm corresponding 
to the heat input of 4.5 KJ/cm to 0.55 mm for the heat input of 3.8 KJ/cm. 
 
  
 
Figure 3. 51: Effect of heat input on out-of-plane distortion 
 
3.4.6.12   Effect of material thickness on distortions  
As displayed in Figure 3.52, larger distortions occur in the thinner sheets (0.63 mm and 
0.65 mm for the thickness 1.6 mm in transverse directions comparing to 0.52 mm and 0.54 
mm for the thickness of 4.8 mm in transverse and longitudinal directions) due to the lower 
bending stiffness of the thin sheet metal. 
 
0
0.2
0.4
0.6
0.8
0 25 50 75 100 125
N
o
rm
al
 d
is
to
rt
io
n
 (
m
m
)
Transverse distance (mm)
Side A
3.8 KJ/cm
4.1 KJ/cm
4.5 KJ/cm
-1
-0.8
-0.6
-0.4
-0.2
0
0 25 50 75 100
N
o
rm
al
 d
is
to
rt
io
n
 (
m
m
)
Longitudinal distance (mm)
Side A
3.8 KJ/cm
4.1 KJ/cm
4.5 KJ/cm
127 
 
  
 
Figure 3. 52: Effect of material thickness in distortion evolution 
 
3.4.6.13   Effect of phase transformations on predicted distortion results  
The effect of considering the phase transformations effects in a simulation over residual 
out-of-plane displacements is shown in Figure 3.53, and around 23% and 20% difference 
in out-of-plane distortion distribution in transverse and longitudinal directions was 
observed. Distortion contour in the z-direction is depicted in Figure 3.54 for both cases. 
 
 
  
Figure 3. 53: Effect of phase transformations on out-of-plane distortions 
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Figure 3. 54: Effect of phase transformations on distortion in z-direction in specimen and 
at mid-length section (a) With phase transformations (b) Without phase transformations 
 
3.4.7   Experiment and simulation results of a butt joint with weld on both sides 
Transverse residual stress values measured by X-ray on specimens with weld on both sides 
were used as another parameter to validate the FE model. Figure 3.55 presents the X-ray 
contours on specimens with weld on both sides. Figure 3.56 shows the FE model geometry 
similar to the butt-joint with a weld on one side but with two lines of weld on both sides. 
Quality of the mesh was avaluated used Jacobian algorithm and the minimum value of 0.82 
and maximum value of 1.0 were found.  The experimental contour variations of residual 
stresses measured by X-ray are shown in Figure 3.34. Averages of 5 measurements versus 
distance from the weld line, at various positions of the plate with various thicknesses 
measured by X-Ray technique. In Figures, 3.57-3.59 residual stress values from experiment 
and FEA and maximum residual stresses were compared on both sides of the specimens. 
The maximum value of the residual stress is the compression stress of 96 MPa in the 
thinnest plate and a tensile stress of 36 MPa in the thickest plate. 16%-27% error was 
observed between simulation and experimental residual stress profiles. On both sides of 
(a) (b) 
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the specimen, compressive residual stresses in the specimen with 1.6 mm thickness at the 
edges become tensile. By increasing the thickness of the specimen from 1.6 mm to 4.8 mm, 
tensile stresses increase and compressive stresses decrease in the weld zone and heat-
affected zone.  
 
(a) 
 
(b) 
 
(c) 
 
Figure 3. 55: Residual stress by X-Ray (a) 1.6 mm thickness specimen (b) 3.2 mm thickness 
specimen (c) 4.8 mm thickness specimen 
Side A Side B 
Side A Side B 
Side A Side B 
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(a)  
 
(b)  
 
 
(c)  
 
 
 
(d)  
 
 
Figure 3. 56: Geometry of the butt welded specimen with weld on both sides (a) Isometric 
view (b) section (c)First pass (d) Second pass 
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(a) 
 
 
 
 
 
 
(b)  
 
Figure 3. 57: The average of 5 measurement values of transverse residual stress on side A 
of the specimens measured by X-Ray and FEA values (a) X-ray (b) FEA 
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(a)  
 
 
 
 
 
(b)  
 
 
Figure 3. 58: The average of 5 measurement values of transverse residual stress on side B 
of the specimens measured by X-Ray and FEA values (a) X-ray (b) FEA 
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Figure 3. 59: Maximum and minimum residual stress values on specimens and FEA 
 
3.5   Experimental strength measurements, FEA validation, and parametric studies for 
an L- joint  
Experimental data is needed in order to investigate the issues caused by welding such as 
weakening in the HAZ and residual stress and also to validate the finite element model in 
order to be able to study the effect of welding parameters and material properties on 
mechanical response of the structure. Experimental data in this section were provided by 
previous research study by Aleo (2004).  
3.5.1   Review of the experiment on an L-joint  
A series of tests were conducted by Aleo (2004) to estimate the extension of the HAZ by 
using the hardness test on a welded L-joint for different weld parameters and material 
properties. MIG welding was used for welding. Since it was not possible to directly 
measure the strength properties of the weld and HAZ material, hardness was measured 
instead by a Rockwell hardness tester. 
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3.5.1.1   L-joint specimens  
In addition to alloy 6061-T6 which is the main focus of this dissertation, the test results of 
experiment on aluminum alloys 6351-T6, 5052-H32, and 3003-H14 from Aleo (2004) were 
used as a benchmark for validation of the simulated model. All specimens were welded 
with a fillet weld with a weld size as required by the standard that depends on a thickness 
of the specimen. Base metals’ chemical compositions are presented in Table 3.5. The 
specimen has the form of two sheets connected by the joint. Sketch of the specimen for the 
experimental specimen and clamping condition during welding are shown in Figure 3.60. 
The specimens were fabricated in 100 mm welds and 200 mm welds. The 100 mm long 
specimens were provided by welding of two 100 mm × 100 mm square pieces of aluminum 
alloy and the 200 mm long specimens were fabricated by welding two 200 mm × 100 mm 
pieces of aluminum alloy (Table 3.6). The weld data, such as voltage, amperage, and arc 
travel speed as in Table 3.7, were determined by a certified welder. All welding was carried 
out in the horizontal position, with a 1.2 mm diameter filler metal wire composed mainly 
of aluminum and magnesium and with argon shielding gas. Edges of aluminum sheets 
parallel to the weld line were clamped and fixed to the support to minimize the distortion.  
 
Table 3. 5: Chemical composition of aluminum alloys used for L-joint specimens (%) 
Alloy Mg Si Cu Mn Cr Other 
2024 1.2-1.8 0.5-1.2 3.8-4.9 0.3-0.9 0.1 0.25Zn, 0.15Ti 
3003 1.0 0.6 0.05-0.2 1.0-1.5 - 0.1Zn, 
5052 2.2-2.8 0.25 0.1 0.1 0.15-0.35 0.1Zn 
6351 0.4-0.8 0.7-1.3 0.1 0.4-0.8 - 0.2Zn 
 
Table 3. 6: L-joint specimens’ specifications 
a×b (mm) t (mm) Alloys 
100×100 1.6, 3.2, 4.8, 9.5, 15.9 6061-T6, 6351-T6, 5052-H32, 3003-H14 
100×200 1.6, 3.2, 4.8, 9.5, 15.9 6061-T6, 6351-T6, 5052-H32, 3003-H14 
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Table 3. 7: Welding parameters for L-joint 
 
Voltage 
(V) 
Current 
(A) 
Efficiency 
Heat input 
(kJ/cm) 
Speed 
(mm/s) 
Length 
(mm) 
Size 
(mm) 
Value 15-25 95-285 0.65-0.85 5.4-13.3 9-16.5 100, 200 5-6.4 
 
 
    
                         (a)     (b)   
 
Figure 3. 60: L-joint specimen (a) Actual 100 mm×100 mm specimen (b) Clamping 
condition in experiment 
 
 
3.5.1.2   Experimental temperature measurement on the L-joint 
The temperature gradient was determined by using the temperature-indication paints. In 
order to determine the influence of thermal conductivity, temperature measurement was 
carried out on specimens with different alloys.  
3.5.1.3   Experimental Rockwell hardness test on the L-joint 
Hardness is used to characterize materials, and it depends on many aspects such as 
ductility, elastic stiffness, plasticity, strain, strength, toughness, viscoelasticity, and 
viscosity. Indentation hardness is an easily measured and well-defined characteristic, and 
it can give the designer useful information about the strength of the metal. The test consists 
of pressing a pointed diamond or a hardened steel ball into the surface of the material to be 
Fixed in all directions 
Fixed in all directions 
z 
x 
y 
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examined. Figure 3.61 (a) shows the Rockwell hardness testing machine. In Figure 3.61 
(b) which explains the testing procedure, D represents diameter of steel ball, 𝐻𝑅 = 𝐸 − 𝑒: 
Rockwell hardness number, F0 is preliminary minor load in kgf, F1 is additional major load 
in kgf, F is total load in kgf, e is permanent increase in depth of penetration due to major 
load F1 measured in units of 0.002 mm, E is constant depending on form of indenter: 100 
units for diamond indenter and 130 for steel ball indenter. 
 
 
 
Figure 3. 61: (a) Rockwell hardness testing machine (b) Rockwell testing principle 
 
An empirical correlation between the strength and hardness has been shown to give good 
agreement for several metals (Dieter et al. 1988). Linear correlations between yield 
strength and hardness of the Al-Mg-Si alloys have been derived in Mondolfo et al. (1976), 
by using Vickers hardness measurements, and in McLellan et al. (1982) by using Rockwell 
hardness scale E measurements. In (McLellan 1982), the yield strength of several Al-Mg-
Si alloys was correlated to the Rockwell hardness by using a linear relation. In another 
study, Alexopoulos et al. (2004), linear relationship for Al-Mg-Si aluminum alloys has been 
(b) 
(a) 
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investigated for different heat treatment procedure and the dependencies of hardness and 
tensile properties of the heat treated alloys on the aging conditions are derived and it is 
proven that Rockwell hardness and yield strength could be correlated using a linear 
function. Analysis of heat input effect on the mechanical properties of Al-6061-T6 alloy 
weld joints was conducted by Vargas et al. (2013) and the linear relationship between 
Vicker’s hardness and yield strength under different values of heat input by GMAW and 
the linear relationship between Vicker’s hardness and yield strength was proven. 
For the hardness measurements, the Rockwell hardness method was selected due to the 
ease of performing the measurements and evaluating the hardness. Each Rockwell hardness 
scale uses a different diameter or type of indenter and major load that is appropriate for the 
properties of the material being tested. The Rockwell B-scale with 1.6 mm diameter steel 
ball indenter and a 90 kgf major load was used to test the 2024-T3 alloy specimens. The 
Rockwell hardness F-scale with 1.6 mm diameter steel ball indenter and a 50 kgf major 
load was used to test the 6061-T6, 6351-T6, 5052-H32 specimens and the Rockwell 
hardness H-scale with 3.2 m diameter steel ball indenter and 50 kgf major load was used 
to test the 3003-H14 alloy specimens.  
In order to determine the influence of material thickness on the width of the HAZ, hardness 
testing was carried out on specimens with five different thicknesses. In addition, effects of 
parameters such as thermal conductivity and variation of the heat input on the width of the 
HAZ were determined. Hardness profiles along the longitudinal axis of the weld, taken at 
or near the outer boundary of the width of the HAZ location.  
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3.5.2   Finite element model of the L-joint 
The finite element model was  validated by temperature histories and hardness profiles 
from test results and also investigation was made on the effect of process parameters and 
specimen specifications on characteristics of heat-affected zone. 
The finite element geometries and meshes are depicted in Figure 3.62. The L-profile 
considered above is analyzed by an FE model for 100 mm specimen and 200 mm specimen. 
The mesh density increases towards the weld bead that expected to have the highest 
gradients. Convergence obtained using maximum residual stress versus the choice of a 
different number of elements is shown in Figure 3.63. By increasing element number more 
than 11500, a variation of maximum residual stress is negligible. The geometry with four, 
five, and six elements throughout the thickness of the section was tested for specimens with 
3.2 mm thickness. It was found that five elements through the thickness of the 3.2 mm 
sheet and around the weld line was appropriate for the accuracy and model running time. 
Similarly, four elements for the 1.6 mm thickness sheets, six elements for the 4.8 mm 
sheets, 8 elements for the 9.5 mm sheets and 10 elements for the 15.9 mm sheets were 
found to be proper. Geometry with the smallest element size of 0.5 mm × 1.0 mm (aspect 
ratio of 2) around the weld line and the largest element size of 3.5 mm × 1.0 mm (aspect 
ratio of 1.5) at the edge of the plates away from the weld line was found to give accurate 
results. As shown in Figure 3.64, in the first step of welding rigid clamp was assumed for 
parts, and in the cooling step unclamp condition is assumed. Heat source parameters used 
for simulation in the L-joint specimen are presented in Table 3.8.  
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(a) 
 
 
 
(b) 
 
 
(c) 
 
 
Figure 3. 62: Geometry of specimens (a) Isometric and section view of 100 mm specimen 
model (b) Weld path and heat source (c) Isometric and section view of 200 mm specimen 
model 
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Figure 3. 63: Mesh convergence study for the L-joint with evaluating the maximum 
residual stress in the part 
 
               (a)      (b)  
Figure 3. 64: Mechanical constraints for butt joint, clamping and unclamping (a) Clamping 
(b) Unclamping 
 
Table 3. 8: Effect of heat input on the HAZ in aluminum alloys 
Alloy 
 
K at 25⁰ 
(w/m) 
Thickness 
(mm) 
Heat input 
( kJ/cm ) 
HAZ (Test) 
(mm) 
HAZ (FEA) 
(mm) 
6351-T6 176 6.4 5.4 (Low) 9.9 10 
6351-T6 176 6.4 8.5 (Medium) 17.4 17 
6351-T6 176 6.4 10.5 (High) 18.7 19 
6061-T6 167 4.8 5.4 (Low) 8.9 9 
6061-T6 167 4.8 10.5 (Medium) 15.1 15 
6061-T6 167 4.8 13 (High) 19.4 19.5 
5052-H32 138 4.8 5.4 (Low) 12.6 13 
5052-H32 138 4.8 10.0 (Medium) 17.3 17 
5052-H32 138 4.8 12.1 (High) 23.2 23 
3003-H14 159 4.8 5.4 (Low) 7.7 8 
3003-H14 159 4.8 10.7 (Medium) 12.7 13 
3003-H14 159 4.8 13.3 (High) 17.5 17 
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In order to study the influence of the welding speed on the weld pool dimensions and 
temperature profile, parametric studies was conducted using FE model for three different 
welding speeds varying in the range of 12-16 mm/sec with the constant heat input at 5.4 
kJ/cm and t = 4.8 mm thickness. Temperature profiles were compared for joints with 
different alloys corresponding to a welding speed of 14.49 mm/s, heat input of 5.4 kJ/cm, 
and t = 4.8 mm. In addition, effect of heat input on the weld pool dimension was evaluated 
using three heat inputs of 5.4 KJ/cm, 10 KJ/cm, and 13 KJ/cm with the welding speed of 
14.49 mm/s.  
The hardness profiles across the HAZ were compared for the alloys of 6061-T6, 6351-T6, 
5052-H32, and 3003-H14 with different thermal conductivities, different thicknesses of 1.6 
mm to 15.9 mm, different heat inputs of 5.4 KJ/cm to 13.3 KJ/cm, different torch angles 
of 20 degree and 45 degree. In addition, the effect of considering the phase transformations 
on hardness results from the FEA was evaluated. 
3.5.3   Experiment and simulation results of the L-joint 
In this part experimental and simulation results, are described and compared. Visual 
investigations, tensile tests, and hardness tests were carried out to evaluate the performance 
and mechanical properties of the weld. 
3.5.3.1   Thermal results  
The thermal results include investigation on geometry of the weld pool and temperature 
histories in specimens with various welding parameters and material properties which are 
used to validate the model with experimental results and to predict the temperature 
distribution in welded specimens with different specifications. Specimen surface 
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temperature distribution with respect to distance from the centre of the weld, temperature 
variations in depth  of the HAZ during welding, effect of welding speed, and effect of 
various heat inputs on temperature history are presented. 
The resulted weld pool from experiment and FEA were compared in Figure 3.65. The 
darker (violet) area represents the melted material in the weld pool with a temperature 
higher than 550 °C (melting point). In Figure 3.66, weld pool at the beginning of the weld 
(transient zone), middle point (steady state zone)in centre of the weld path and at the 
endpoint of the path (transient region) were compared and it is shown that the weld pool 
size in transient state is larger than steady state. Effects of welding speed and heat input on 
the weld pool dimension are depicted in Figures 3.67 and 3.68. It was realized that slower 
welding speed and higher heat input create larger weld pool.  
 
 
Figure 3. 65: Weld pool in FEA and experiment specimen at start, middle, and endpoints 
 
Figure 3. 66: Welding pool and start point, midpoint, and endpoint of the welding 
(a) (b) (c) 
(a) (b) 
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Figure 3. 67: Effect of welding speed on weld pool geometry at mid-length section (a) 16 
mm/s (b) 14.49 mm/s (c) 12 mm/s 
 
 
Figure 3. 68: Effect of heat input on weld pool geometry at mid-length section (a) 5.4 kJ/cm 
(b) 10 kJ/cm (c) 13 kJ/cm 
 
The temperature distribution at the centreline of the weld for the 6061-T6 alloy specimen 
with 100 mm weld length and heat input of 5.4 kJ/cm, welding speed of 14.49 mm/s, and       
t = 4.8 mm with same weld parameters and length when welding torch passes the weld path 
predicted by the FE model for an L-joint specimen in three points (start, middle and 
endpoints) are illustrated in Figures 3.69 (a) and for various points along the weld path is 
shown in Figure 3.69(b). Figure 3.70 shows the temperature evolution at different depths 
of the weld and HAZ. It is evident from the figure that with an increment in depth, the 
velocity of the rising temperature decreases. These results confirm that the model gives 
acceptable results for thermal analysis. Temperature contour from the simulation at three 
stages during welding are presented in Figure 3.71. 
(a) (b) (c) 
(b) (a) (c) 
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Figure 3. 69: Temperature evolution along the weld line 
 
 
 
Figure 3. 70: Temperature evolution for point through the depth of the weld and HAZ 
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Figure 3. 71: Transient temperature (°C) distribution on the specimen and at mid-section 
of the weld during welding process at various steps (a) Beginning of the weld line (b) 
Middle of the weld line (c) End of the weld line 
(b) 
(c) 
(a) 
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Figure 3.72 illustrates the comparison of experiment and FEA results of the temperature 
distribution in the specimens corresponding to a  welding speed of 14.49 mm/s, heat input 
of 5.4 kJ/cm, and t = 4.8 mm for joints with different alloys. Higher temperatures and larger 
heated area are observed in the specimen with lower thermal conductivity. The effect of 
the welding speed on the temperature distribution contour in the specimen is illustrated in 
Figure 3.73.  
 
Figure 3. 72: Temperature evolution in distances from centre of the weld for various alloys 
 
 
Figure 3. 73: Effect of welding speed on temperature history 
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Figure 3.74 shows the temperature contours in the specimen for three different welding 
speeds. The peak temperature decreases for higher welding speeds, from 573 °C to 751 °C 
as the speed changes from 16 mm/s to 12 mm/s. In this study the heat input was 5.4 kJ/cm. 
  
 
 
 
Figure 3. 74: Variation of temperature distribution on the specimen and at the mid-length 
of the weld with three different welding speeds (a) 16 mm/s (b) 14.49 mm/s (c) 12 mm/s 
(a) 
(b) 
(c) 
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The effect of the heat input on the temperature contour in the specimen is depicted in Figure 
3.75. Welding speed was 14.49 mm/s for all three cases. Maximum temperature increases 
from 573 °C for the heat input of 5.4 kJ/cm to 749 °C for the heat input of 10 kJ/cm, and 
to 822 °C for the heat input of 13 kJ/cm. 
 
 
  
Figure 3. 75: Variation of temperature distribution on the specimen and at the mid-length 
of the weld with three different heat inputs (a) 5.4 kJ/cm (b) 10 kJ/cm) (c) 13 kJ/cm 
(a) 
(b) 
(c) 
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3.5.3.2   Hardness profiles  
Hardness measurement results on the L-joint specimen for various welding condition are 
presented which illustrate the weakening effect of welding in the material. The Canadian 
standard “Welded Aluminum Construction” CSA-W59.2-M1991 (R2013) and the 
American Welding Society (AWS) standard “Structural welding code-Aluminum” D1.2-
D1.2M:2003 consider the width of the HAZ extends to a distance where the metal strength, 
characterized by the hardness level of 95% of the base metal (Appendix A.1). These 
standards allow 5% reduction in strength for various alloys when heated to 230 °C for a 
period of less than 5 min. The hardness profiles of the two alloys from FEA and 
experimental data are compared. The hardness profiles in the FEA calculated by calculating 
the ratio of the base metal hardness value (dimensionless) from Aleo (2004) to the base 
metal yield strength value (MPa) from Aluminum Design Manual (2005) as a constant 
value and multiplying the ratio by the yield strength . The ratio is assumed constant based 
on the linear relationship between the base metal’s hardness value and its’ yield strength 
(such as Figures 3.9 (d) and 3.10 (d) for alloy 6061-T6) for each alloy. The ratios for all 
used alloys are shown in Table 3.9. Figure 3.76 include longitudinal hardness profiles for 
6.4 mm thick 6351-T6 and 4.8 mm thick 5052 alloys in 9 mm and 11 mm distance from 
the centreline of the weld.  
 
 
Table 3. 9: Yield strength and hardness value of the non-welded alloys  
 6061-T6 6351-T6 5052-H32 3003-H14 
Yield strength (MPa) 275 285 195 145 
Rockwell hardness 89 93.2 71.3 44.2 
Ratio= 
𝐘𝐢𝐞𝐥𝐝 𝐬𝐭𝐫𝐞𝐧𝐠𝐭𝐡 (𝐌𝐏𝐚)
𝐇𝐚𝐫𝐝𝐧𝐞𝐬𝐬 (𝐇𝐑)
 3.09 3.06 2.73 3.25 
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(a)                       (b) 
Figure 3. 76: Longitudinal hardness profiles 6351-T6 aluminum alloy (b) 5052-H32 
aluminum alloy 
3.5.3.3   Effect of thermal conductivity on the HAZ 
In Figure 3.77 the hardness profiles across the HAZ for alloys with different thermal 
conductivities for the weld with a heat input of 5.4 kJ/cm are presented. All the alloys with 
the exception of the non-heat-treatable alloy 5052-H32 are uniform and predictable and the 
width of the HAZ varies from 7.7 mm for the 3003-H14 with the lowest thermal 
conductivity to 9.9 mm for the alloy with the highest thermal conductivity (6351-T6).  
 
Figure 3. 77: Hardness profiles across the HAZ for alloys with different thermal conductivity 
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3.5.3.4   Effect of the heat input on the HAZ 
The effect of heat input was studied, and it is shown that the width of the HAZ increases 
significantly by higher heat inputs. Figure 3.78 represents the variation of the width of the 
HAZ with the heat input from the experimental results and the numerical modelling (6061, 
5052, t = 4.8 mm), (6351, t = 6.4 mm). Table 3.10 represents the effect of heat input on the 
width of the HAZ from experiment and FEA. Lower welding speeds result in high heat 
input per unit length of the weld and higher temperatures, which produce larger weld pool 
and HAZ. It could be concluded that the HAZ dimension decrease with an increase in the 
welding arc travel speed.  
 
 
Figure 3. 78: Heat input vs. the width of the HAZ 
 
Table 3. 10: Heat source parameters used for L-joint simulation 
 𝒂𝒇 (mm) 𝒂𝒓 (mm) 𝒃 (mm) 𝒄 (mm) 𝒇𝒇 (mm) 𝒇𝒓 (mm) 
Value 2.5-6.5 5.5-9 2.5-4.5 1.5-2.4 0.6 1.4 
 
3.5.3.5   Effect of material thickness on the HAZ 
Figure 3.79 show the hardness profiles for various section thicknesses of aluminum alloy 
6061-T6. It demonstrates that the width of the HAZ decreases as the section thickness 
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increases that is due to the effects of the heat sink (Kou et al. 2003) provided by the 
relatively thicker weld in comparison to the weld size causes a narrower HAZ. 
 
 
(a)  
 
 
(b)  
 
Figure 3. 79: Hardness profiles for different section thicknesses, alloy 6061-T6                     
(a) Thicknesses of 1.6 mm, 3.2 mm, and 4.8 mm (b) Thicknesses of 9.5 mm, and 15.9 mm 
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3.5.3.6   Effect of gun lateral angle on the HAZ 
The influence of welding gun lateral angle with the workpiece on the hardness variations 
across the HAZ was determined using the test results of 13 weldments specimens. Two 
different gun lateral angles were used: 20⁰ lateral angle that represents the minimum angle 
that could be attained with the fixtures to restrain the specimens for the automatic welding 
process mode, and the 45⁰ gun lateral angle is the normal gun lateral angle used for the 
fillet weld. These weldments specimens had the same aluminum alloy, material thickness, 
heat input, process mode, the number of passes, and length of the weld. Both parts of a 
corner joint were hardness tested, but only the parts with the widest HAZ were considered. 
Figure 3.80 show the relationship between the gun lateral angle with the workpiece and the 
hardness measurements. It is observed that the gun lateral angle with the workpiece does 
not substantially affect the width of the HAZ comparing to the effects of heat input, thermal 
conductivity, and material thickness.  
 
 
 
Figure 3. 80: Effect of gun lateral angle on hardness profiles 
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 3.5.3.7   Effect of multi-pass welding on the HAZ 
Multi-pass welding is needed when welding thick materials or a large fillet. The hardness 
variations across the HAZ of the specimen under multi-pass welding were determined 
using the test results of 5 multi-pass weldments. Aluminum alloy 6351-T6 was used with 
6.4 mm thickness and heat input was 5.4 kJ/cm. The actual specimens fabricated with 
multi-pass welding and FE model specimen are illustrated in Figures 3.81. In these 
experiments, three passes of the weld were planned in two layers. The first layer consisted 
of one pass of the welding gun. The second layer was composed of two passes of welding. 
The first pass of the second layer was carried out after the first layer cooled. The second 
pass of the second layer was executed before the second pass cooled. Weld passes are 
shown in Figure 3.81 (b). Figure 3.82 (a) represents the hardness measurements at a 
distance of 11 mm from centre of the total weld bead (centre of the whole bead was taken 
as the centre of the second layer) for the part of the specimen next to the second pass (part 
“A” in Figure 3.81 (b) based on average of 5 specimens. The average hardness 
measurement for the other part of the specimen next to the third pass (part B) is depicted 
in Figure 3.82(b). 
 
(a)      (b)  
Figure 3. 81: Actual multi-pass welded specimen (a) Section of specimen (Aleo 2004)          
(b) Section of sample using FEA 
SYSWELD 
Part “A” 
Part “B” 
1p 2p 
3p 
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(a)           (b)  
 
Figure 3. 82: Average hardness measurements (a) Next to the second pass (b) Next to the 
third pass 
 
 
The width of the HAZ from the centreline of the total weld bead was measured to be             
15.3 mm. It is observed that there is a 4.2 mm increase in the width of the HAZ from the 
part “A” to the part “B” as a result of the higher initial temperature. There is also a 1.3 mm 
reduction in the width of the HAZ compared to a single pass weld having similar 
parameters for the part next to the second pass (part “A”). This reduction of the width of 
the HAZ is attributed to the heat-sink provided by the first pass. The width of the HAZ 
increased in the part “B” close to the third pass, because of the higher initial temperature 
by the second and third pass.  
3.5.3.8   Yield strength in the HAZ 
The Rockwell hardness results were converted to yield strength using the ratio in Table 
3.9. Table 3.11 represents the average strength relationship in the HAZ for each of the five 
aluminum alloys for three different heat inputs. It is observed from plotted hardness 
measurements, that the average strength in the HAZ is higher when compared to the present 
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standard “CSA S157-05” respectively, required width of the HAZ of 25 mm (Appendix 
A.2). From the results, the present standard is conservative in regard to the strength of the 
HAZ. 
Table 3. 11: Comparison of strength in the HAZ from experiment, standard, and FEA  
Alloy 
Percentage higher than the minimum strength of welded metal  
HAZ (Experiment) HAZ (CSA) (25 mm) HAZ (FEA) 
Heat input 
Low Medium High Low Medium High Low Medium High 
6351-T6 14 32 58 37 45 63 15 30 60 
6061-T6 10 30 30 30 50 40 12 29 30 
5052-H32 34 31 30 48 31 31 35 30 30 
3003-H14 23 24 43 28 43 50 25 25 45 
 
3.5.3.9   Effect of phase transformations on predicted hardness results 
Hardness values across the HAZ with and without considering the phase transformations 
effects was conducted on 6061-T6 alloy with 4.8 mm thickness welded with the speed of 
14.49 mm/s and 5.4 kJ/cm heat input. Results are shown in Figure 3.83 which predicts 9% 
error for hardness occurred.  
 
Figure 3. 83: Simulation hardening result values across the HAZ with and without 
considering the phase transformations effects 
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3.5.3.10   Residual stress distribution in the L-joint 
Residual stresses were predicted by the validated FE model are presented in Figures 3.84 
for stresses in principal directions and von Mises. The transverse residual stress contour 
shows that the maximum stress occurs at the weld pool zone since thermal strains in this 
area have increased during melting and solidification. The stress state reaches the steady-
state condition at the middle of the specimen. The FEA results demonstrate that the high 
longitudinal tensile residual stresses occur in the region near the weld line and it decreases 
when moving away from the weld. The tensile stress in the z-direction occurs close to the 
weld line, and it becomes compressive toward the boundaries as a result of clamping 
condition during welding. The overall stress distribution represented by von Mises stress 
shows that tensile stresses in the weld and close to the weld region are highest.  
3.5.3.11   Distortions in the L-joint 
Figure 3.85 depicts the distortion contours in 𝑥, 𝑦 , and 𝑧 directions at the end of welding 
process and after cooling. The distortions are mostly uniform and their distribution is 
almost linear from the weld line to the free edge of the specimen. In Figure 3.86, 
displacements in 𝑦-direction at four stages during welding in specimen are shown and it 
appears that displacement distribution is not uniform at the beginning and it is higher close 
to the weld torch. However, at the end of the welding and cooling, displacements become 
more uniform. 
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Figure 3. 84: Residual stress (a) x-direction (b) y-direction (c) z-direction (d) von-Mises in 
specimen and mid-length section 
(a) 
(b) 
(c) 
(d) 
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Figure 3. 85: Distortion in specimen and mid-length section in principal directions (a) x-
direction (b) y-direction (c) z-direction 
(a) 
(b) 
(c) 
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Figure 3. 86: Distortion in y-direction in specimen in four stages during welding 
 
3.6   Summary and conclusions 
The present study employed the finite element method to simulate the gas arc welding of 
aluminum alloy joints. A three-dimensional numerical model using a welding specific 
finite element package, SYSWELD, was developed to simulate the welding process, 
considering the physical mechanisms of the welding process during heating and cooling. 
The volumetric double ellipsoid heat source was adopted in the finite element simulation 
to predict the temperature distribution profile and weld pool shape. Once a model was 
developed; it was utilized to investigate the temperature history, HAZ width, strength 
capacity, residual stresses, and distortions.  
(1) (2) 
(3) (4) 
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In order to validate the finite element model, X-ray measurements on butt-welded 
aluminum alloy joints with various thicknesses were conducted. Residual stress 
distributions were similar in the simulation results and experiment measurements. Based 
on the results, the tensile stress distributes along the weld line, but reduces to compressive 
stress at the starting and ending edges of the weld line. Perpendicular to the weld, tensile 
stress following by compressive stress was observed in both transverse and longitudinal 
stresses. Both transverse and longitudinal stresses are maximum at the centre. Transverse 
and longitudinal residual stresses increased by lower welding speeds because of the higher 
heat input applied to the specimen. The calculated maximum longitudinal stress of            
217 MPa is much higher than the maximum transverse compressive stress of 90 MPa and 
maximum tensile stress of 42 MPa for specimen with thickness of t = 3.2 mm, heat input 
of 3.8 KJ/cm, and welding speed of 11 mm/s (medium heat input and welding speed). The 
results indicate that the maximum longitudinal tensile stress is close to the yield strength 
of the material (250 MPa) suggesting that the stress in this region have the strongest 
influence on the failure of the material. 
Moreover, a series of numerical models were developed to illustrate the effects of thermal 
and mechanical boundary conditions into a welding model. Lowest residual stresses 
happened when no clamping applied during welding and cooling, and higher welding 
speeds cause a reduction in out-of-plane displacement. Also, in order to determine the 
effect of considering the phase transformations in modelling, study was conducted to 
compare the results of residual stress modelling with and without considering the phase 
transformations which indicated 19%-22% error in the residual stress on butt-welded 
specimen with weld on one side. 
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In addition, results from the experiments performed by Aleo (2004) were used for further 
assessment of the FE models developed. Aleo (2004) investigated to determine the 
extension of the HAZ by hardness testing on aluminum welded L-joint. In L-joint 
specimens, temperature histories and hardness profiles that were evaluated by finite 
element analysis were in good correlation with the experimental results. Parametric studies 
were conducted on the effect of weld parameters and material properties on the width of 
the HAZ. Based on the results of this investigation, an extension of the HAZ decreases 
with thickness. Effect of the heat input on the HAZ was studied, and it was concluded that 
the larger HAZ existed with increasing the heat input. For Aluminum 6061-T6 with low 
heat input, HAZ is 8.9 mm, for medium heat input is 15.1 mm, and for high heat input is 
19.4 mm which are on the conservative side comparing to the CSA-S157-05 standard. 
Effect of phase transformations on hardness values was evaluated by considering and 
ignoring the effects in simulations and error between 9%-22% was observed. Finally, in 
order to validate the model for specimens with multiple passes of welding, results of the 
simulation was compared with the experimental results conducted by Aleo (2004) on 
specimen with three passes of welding in two layers in L-joint. There is a reduction in the 
width of the HAZ if the initial welding passes were allowed to cool as a result of the heat-
sink provided by the previous welding passes.  
The good agreement between the experimental and simulation results from these models 
allows the creation of highly accurate and efficient simulations to predict the mechanical 
response of the welded specimen and can be used to optimize the values of welding 
parameters and to improve the welded components quality as a secondary objective of this 
research work. 
163 
 
4   CHARACTERIZATION OF MECHANICAL PROPERTIES OF 
THE HAZ IN ALUMINUM ALLOY 6061-T6 WELDED JOINTS  
 
4.1   Introduction 
It is known that welding introduces microstructural changes whose entity is strongly 
affected by welding parameters, as well as the base material metallurgical conditions. 
Hence, the mechanical properties of a weld can vary sharply from the weld centreline to 
the base material. In the previous chapter, simulation of MIG welding of aluminum alloys 
was conducted, and the material properties of the weld were calculated by the software 
SYSWELD. The modelling of the mechanical response of a weld requires knowledge of 
the variation of mechanical properties within and around the weld. In order to accurately 
model the mechanical response of the HAZ, in general, constitutive data are required for 
the various microstructural regions within the weld and HAZ. The aim of the present 
chapter is to develop a methodology to determine the mechanical properties of the weld 
subzones across a specimen weldment and compare with the results from SYSWELD to 
be used for modelling purposes in case that utilizing such as welding-specific software is 
not applicable.  
4.2   Methodology for characterization of welded metal material properties 
Contents of this chapter are shown in the flowchart in Figure 4.1. In the current chapter, 
we present procedures to characterize the constitutive behaviour of a weld and surrounding 
areas. A series of welded aluminum alloy 6061-T6 specimen were subjected to tensile 
testing. Displacement data using mechanical extensometer and full-field strain 
measurement using Digital Image Correlation (DIC) were performed on the weld and HAZ 
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of transversely loaded welded specimens. Ultimate strength, yield stress, and plastic 
properties of the weld and HAZ were estimated by applying a work hardening model to 
the stress-strain curves. The constitutive properties of the weld and HAZ were determined 
from hardening curves provided by two methods of “uniform stress method (USM)” and 
“virtual fields method (VFM)”. In the USM, the stress-strain curves were obtained by the 
assumption of uniform stress distribution in the cross section of the specimen. In the VFM, 
the inverse analysis was conducted to determine the parameters of the material constitutive 
model of weld and HAZ. In addition, a mechanical extensometer was utilized to achieve 
the global displacement data of welded specimen within the HAZ.  
In the next part, the constitutive law for characterization of the material is presented and 
then the experiments and identification methodologies are explained. 
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Figure 4. 1: Flowchart of the contents of Chapter 4 
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4.2.1    Constitutive parameter definitions  
Numerous empirical and physically-based models have been proposed to describe plastic 
and viscoplastic material behaviours (Zhou 2004, Langrand 1999). Among them, the 
empirical Johnson-Cook model which is one of the most widely used in industrial 
applications due to its simple form (Leitão et al. 2012, Peirs 2011, Kajberg et al. 2007, 
Meyer 2001, Rossi et al. 2010, Johnson et al. 1985). In the present work, the empirical 
Johnson-Cook model was chosen as the proper constitutive law to model the stress-strain 
relation of the aluminum alloys for welded metal and base metal. While this relation may 
not always capture the profile of the entire stress-strain curve, it has the advantage of being 
simple and useful for analysis and design purposes. Moreover, the model is numerically 
robust, and can be easily calibrated because of the isolation of effects of strain-rate and 
temperature on the hardening law of the material. It is a constitutive model that is well 
suited for computations because it uses variables that are available in most of the applicable 
computer codes. Johnson-Cook model was first put forward by Johnson and Cook (1983) 
and Li et al. (2013). It describes very well the behaviour of metallic materials submitted to 
high strains, high strain rates, and high temperatures. The Johnson-Cook model gives the 
following relation for the stress (σ): 
 
𝜎(𝜀𝑝, 𝜀?̇?, 𝑇) = (𝑎 + 𝑏(𝜀𝑝)
𝑛
)(1 + 𝑐 𝑙𝑛( 𝜀̇∗)(1 − (𝑇∗)𝑚)                                     (4.1) 
 
where 𝜎 defines the equivalent stress, (𝑎 + 𝑏𝑝
𝑛) represents the influence of plastic 
strain, (1 + 𝑐 𝑙𝑛( 𝜀̇∗)) is the influence of strain rate, and (1 − (𝑇∗)𝑚) considers the 
influence of temperature change (Li et al. 2013, Johnson et al. 1983). In the present work, 
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the simplified Johnson-Cook model was used to model both the base and welded metal. In 
the present study, the following material model is considered: 
 
{
 
 
 
 
𝜎 = 𝑎 + 𝑏𝑝
𝑛                     𝜎 ≥ 𝑎                           (I)
𝜎 = 𝐸                                  𝜎 < 𝑎                          (II)
𝑝
𝑛 =  −
𝑎
𝐸
                                                             (III)
             (4.2) 
                              
Where 𝜎 is the stress level, 𝑛 is the strain hardening coefficient, 𝜀𝑝 is the plastic strain, 𝑎 
is the yield stress of the material under reference deformation conditions (initial stress) 
(MPa), 𝑏 is the plastic strain hardening coefficient (MPa), and 𝐸 is Young’s modulus. The 
parameters a, b, n, the ultimate strength and the Young’s modulus are needed to be defined. 
In the next section, the experimental procedure to determine the global response of the 
specimen and local hardening parameters in the HAZ in welded specimen are presented.  
4.2.2   Experimental procedure for the characterization of welded specimen 
Experiments were conducted to measure the global response and local load-strain data of 
the welded samples. Samples specifications and measurement methodologies are reviewed. 
4.2.2.1   Experiment specimens 
Aluminum alloy 6061-T6 sheets with a thickness of 4.8 mm were welded by MIG welding 
procedure and series of standard tensile specimens with cross-section dimensions of          
4.8 mm × 12.5 mm were prepared under “ASTM E8/E8M-11: Standard Test Methods for 
Tension Testing of Metallic Materials” specifications. Specimens were cut perpendicular 
to the weld line so that the weld was centred in the section, and the loading axis was normal 
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to the welding direction from the welded plates. A schematic view of the welded plates and 
welded coupon sample are shown in Figures 4.2 and 4.3. Specification of specimens and 
welding parameters are presented in Tables 4.1 and 4.2. Two parts of 350 mm × 105 mm 
sheet were welded as shown in Figures 4.4 and 4.5. In chapter 3, from the investigation of 
temperature histories along the weld path for the specimen with 4.8 mm thickness (Figure 
3.69), a transient region was estimated 30 mm from the beginning and 25 mm from the end 
of the welded specimen. Therefore, 50 mm discards from ends were made to ensure that 
the samples were taken from a steady-state welding region. Specimens were extracted from 
the plate using wire electrical discharge machining (EDM) (Figure 4.5). It is important to 
clarify that none of the samples were subjected to surface smoothing and polishing in order 
to homogenize the sample thickness across the gauge section or avoid any influence from 
surface roughness on plastic behavior (Leitão et al. 2012). Some authors (for example 
Sutton 2008) homogenized the sample thickness to avoid the stress concentration effect.  
Figure 4.6 shows the cross section of the welded plates. Three specimens were subjected 
to the same testing for each case of identification. Experiments were conducted by 
universal tensile testing machine. 
 
 
Figure 4. 2: Scheme of welding of tensile specimen 
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Figure 4. 3: Welded coupon specimen dimensions 
 
Table 4. 1: Specimens specifications 
Sample Material Thickness (mm) Description 
Base metal 6061-T6 6.4 No weld 
Welded metal 6061-T6 4.8 Weld on both sides 
 
Table 4. 2: Welding parameters for welded specimen  
 
Voltage 
(V) 
Current 
(A) 
Efficiency 
Heat input 
 (kJ/cm) 
Speed 
(mm/s) 
Length  
(mm) 
Size 
(mm) 
Value 30 205 0.75 3.8 11 350 4.8 
 
 
 
 
Figure 4. 4: Joint configuration 
 
 
 
Figure 4. 5: Tensile specimens cut from the welded plates 
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Figure 4. 6: Actual welded specimen 
 
4.2.2.2   Strain measurement by extensometer 
The global response of the component was determined by conducting uniaxial tensile 
testing and using mechanical extensometer clipped around the welded area (Figure 4.7) to 
measure the displacement.  
 
  
 
 
Figure 4. 7:  Tensile testing of welded metal with mechanical extensometer 
 
Engineering stress-strain curve was estimated using the following relations: 
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𝜎 =
𝐹(𝑡)
𝑤×𝑏
              (4.3) 
 
 =
∆𝐿
𝐿
               (4.4) 
 
Where, 𝐹(𝑡) is the recorded load at time 𝑡, 𝑤 is the width of the cross section, 𝑏 is the 
thickness of the section, 𝐿 is the gauge length of the extensometer (25 mm), and ∆𝐿 is the 
displacement measured by the extensometer. The rupture location in the welded specimen 
is shown in Figure 4.8 and the photograph of specimens is represented in Figure 4.9.  
 
 
Figure 4. 8: Location of rupture with respect to weld bead 
 
 
 
 
Figure 4. 9: Family photograph of the welded specimens used to measure global response 
After rupture 
Before rupture 
6 mm 
4.5 mm 
Rupture 
location 
Centreline of the 
weld 
Weld pool 
border line 
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The measured strain data corresponds to an average of the strain values for all the points 
located in the areas under study. Global response of a specimen can be used to estimate the 
strength capacity of the weakened welded specimen and also for the validation of the global 
behaviour of a simulation model. Although the global response of the weld provides useful 
information, it does not include details on the local behaviour of the various weld zones. It 
is important to determine the local mechanical properties of weld sub-zones in order to 
understand the global strength and ductility. Knowledge of the local material behaviour is 
necessary for explaining the overall weld response.  
4.2.2.3   Strain field measurement by DIC 
Due to the heterogeneous nature of the weld material, an approach must be considered to 
take into account the material property variation within the HAZ. The level of details, and 
subsequently the accuracy of the results, is determined not only by the number of material 
model parameters used to describe the weld but also by the spatial distribution of these 
materials in the weld model and the validity of the assumptions.  
One of the most widely used methods for measuring the mechanical properties of welded 
joints is the hardness measurement. These measurements provide hardness profiles for the 
weld, HAZ, and base material. Hardness measurements can provide only qualitative 
information that is not directly related to the strength parameters. However, hardness 
curves can be used to distinguish the boundary between zones that are shown in Figure 
4.10 based on which, zones were defined (Aleo 2004). Weld and the HAZ are divided into 
six subzones shown in Figure 4.11. Zone 1 is within the weld pool region, zone 2-4 are 
within the HAZ with increasing hardness level, and zone 5 and zone 6 are in the region 
with the less affected areas. 
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Figure 4. 10: Hardness results of 6061-T6 welded specimen (Aleo 2004) 
 
 
 
Figure 4. 11: Weld Subzones on specimen 
 
The knowledge of material parameters such as yield strength, ultimate tensile strength, and 
elongation to failure can be provided by the uniaxial tensile test carried out on standard 
specimens machined from each particular zone of the welded joints. However, there are 
difficulties associated with production and testing of the specimens required, and if steep 
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gradients in material properties exist within the weldment, then even a very small specimen 
may not exhibit homogeneous properties (Reynolds et al. 1999).  
One of the widely used methods for measuring the mechanical properties of welded joints 
is DIC (Reynolds et al. 1999, Lockwood et al. 2002, Grédiac et al. 2006, Rivolta et al. 
2012, Avril et al. 2008, Touboul et al. 2013). Digital image correlation (DIC) is a 
measurement technique introduced in by Sutton et al. 1983, capable of estimating the full 
displacement and strain field of an object through image acquisition and processing. The 
DIC techniques relate the intensity distribution of a small subset of a pixel from a reference 
image and the image of the deformed specimen to estimate the full displacement field. The 
strain field is obtained by relying on the displacement data. The main advantages of the 
DIC are its noncontact character and the possibility of obtaining the full strain field for the 
whole tested specimen. DIC local displacement measurements of the specimen under 
tensile testing were used to study regional variations of the strain field in the weld and 
HAZ. Strain maps were obtained on standard tensile specimens cut perpendicular to the 
weld line as depicted in Figure 4.12. In order to obtain the stress-strain curve for each zone, 
an average of longitudinal strains in each zone was calculated assuming that the strains are 
uniform along the width of the specimen.  
 
 
 
Figure 4. 12: Painted specimen for DIC testing 
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The working principle of DIC technique is based on computational algorithms that track 
the gray value patterns in digital images of the surfaces, taken during the deformation 
process. Prior to the experiment, the specimen is prepared by applying a thin coating of 
white paint and a random overspray of black paint. Determination of displacements is 
dependent on the existence of random high-contrast patterns, on the specimen surface. The 
process involves the division of each image into sub-regions, and a displacement vector is 
calculated for each subset between each successive images. The strain values are then 
calculated by differentiating the displacement values for each subset. Each of the deformed 
images is compared with the undeformed, reference images to obtain full-field surface 
deformations. The measurement of 2-D surface displacement fields in homogeneous 
materials via DIC has been discussed in great details by Sutton et al. 1983, 1988, 2008, 
Bruck 1989, and Notta-Cuvier et al. 2013. Figure 4.13 shows the experimental setup and 
photograph of all specimens after testing is presented in Figure 4.14. 
 
  
 
Figure 4. 13: Tensile testing (a) Welded specimen (b) Specimen setup (c) Weld bead 
 
Cameras 
(a) (b) (c) 
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Figure 4. 14: Photograph of the welded specimens used for DIC measurement 
 
The commercial ARAMIS DIC system (GOM and Trillion Quality Systems) using two 
CCD cameras (3D) with a 510 mm object-camera distance, was used to measure 3D 
displacement/strain fields. Based on the ARAMIS User Information-Hardware manual 
(2007) the strain accuracy of the system is up to 0.02% , but upon the calculations presented 
in Trilion Quality Systems LLC (2004) the maximum potential error associated with strain 
measurements is 0.20%. Within the ARAMIS system, each image contains 1024×1280 
pixels; grids with subsets of 15×15 pixels were used in the analysis. The focal length of 
each camera lens was 50 mm. In order to estimate the magnification factor (M) for both 
cameras, they were calibrated through a calibration pattern before starting the test that was 
conducted using 65 mm (length)× 52 mm (width) calibration panel. Therefore, the 
magnification factor (M) in our imaging system will be equal to (M = 1024/52 = 1280/65 
= pixels/mm). First initial images of the unloaded specimen were acquired. Tensile loading 
was conducted with the universal tensile machine in displacement control with a velocity 
of 0.1 mm/s based on the ASTM E8/E8M-11. Images were acquired every one second and 
total of 72 images captured for the first specimen. Digital images of the test surface at 
different steps of the deformation were captured and processed. Figure 4.15 depicts the 
image of the major strain field distribution before necking, at the maximum load, and after 
a rupture of specimen acquired by DIC, in a tensile sample. This picture demonstrates the 
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non-uniform strain distribution across the sample and the occurrence of a rupture in the 
HAZ, where the largest strain values were registered.  
 
 
 
 
 
 
 
 
Figure 4. 15: Strain field distribution acquired by DIC (a) before necking (b) after necking 
(c) after rupture 
 
In the next section, two methodologies are proposed to determine the hardening 
characteristics of the HAZ using a suitable model and enables local strain-stress in the HAZ 
to be calculated from the load-strain registered during tensile tests.  
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4.2.3   Local stress-strain measurement methodologies 
This section is dedicated to methodologies for the identification of constitutive parameters 
from a set of strain field measurements from welded specimen. The strain field over the 
specified part of the specimen is assumed to be known which could be captured by a full 
field measurement technique (Bulhak et al. 2000, Surrel et al. 1994). The geometry of the 
solid, as well as the type of constitutive law, are known. The resulting force along a given 
direction is known, but the distribution of stress remains unknown.  
This section presents the identification of constitutive parameters governing elasto-plastic 
constitutive equations using the VFM and USM for nonhomogeneous weld and HAZ in 
aluminum welded specimen. 
4.2.3.1   Virtual fields method (VFM) 
The identification strategy is based on the minimization of a cost function defined as a gap 
between measured strain components and their calculated counterparts (Mahnken et al. 
1999, Harth et al. 2004, Yoshida et al. 2004, Sutton et al. 2008).  
VFM consists of writing the principle of virtual work with particular virtual fields. The 
principle of virtual work expresses the global equilibrium of a solid (Germain et al. 1986), 
and it is applicable for any kinematically admissible virtual displacement field ?⃗? , that is, ?⃗?  
must be continuous and differentiable across the whole volume. 
 
∫ 𝜌𝛾 . ?⃗? ∗ 𝑑𝑉 = ∫ 𝑓 . ?⃗? ∗ 𝑑𝑉 +𝑉𝑉 ∫ ?⃗?
 . ?⃗? ∗ 𝑑𝑆
𝜕𝑉
− ∫ 𝜎𝑉 : 
∗𝑑𝑉                              (4.5) 
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where 𝜌 is the material density,  𝛾  is the acceleration field, 𝑉 is the volume of the solid, 𝑓  
is the body forces vector acting on 𝑉, ?⃗?  is the stress vector per unit volume acting on a 𝑑𝑉, 
𝜎 is the stress tensor within the volume of the solid, ?⃗?   is a continuous vector test function 
known as the “virtual displacement field”, ∗ is the virtual strain tensor derived from the 
kinematically admissible virtual displacement ?⃗? ∗. For small masses of the tensile 
specimens used, body forces (in this case only weight) can be neglected compared to the 
applied load and the external virtual work, 𝑤𝑒𝑥𝑡, includes only the boundary term 
∫ ?⃗? . ?⃗? ∗ 𝑑𝑆𝜕𝑉 .  The inertia term is assumed neglected under quasi-static loading conditions 
(Giraudeau, et al. 2010, Pierron et al. 2011, Notta-Cuvier et al. 2013, Rivolta et al. 2011). 
In the present case, in the absence of body forces, the Equation 4.5 is simplified to: 
 
∫ ?⃗? . ?⃗? ∗  𝑑𝑆𝜕𝑉⏟        
𝑤𝑒𝑥𝑡
= ∫ 𝜎𝑉 : 
∗ 𝑑𝑉⏟      
−𝑤𝑖𝑛𝑡
                                  (4.6) 
   
?⃗? . ?⃗? ∗ = ∑ 𝑇𝑖 . 𝑢𝑖
∗𝑖=3
𝑖=1                                    (4.7) 
 
𝜎: ∗(?⃗? ) is the tensor contraction operator defined as ∑ 𝜎𝑖𝑗𝜀𝑖𝑗
∗ (?⃗? )
𝑖,𝑗=3
𝑖,𝑗=1 . If additional 
constraints are considered such as plane stress conditions or axial stress independent of the 
through-thickness coordinates, then the solution of Equation (4.6) is the stress tensor, 
𝜎𝑥𝑥(𝑥, 𝑦, 𝑧), which is a function of the width (y-direction), thickness (z-direction), and the 
axial position (x-direction). In order to determine a heterogeneous material response, it is 
assumed that plane stress condition exists in the specimen and the uniaxial case applies 
(𝜎𝑦𝑦, 𝜎𝑥𝑦 ≪ 𝜎𝑥𝑥). Equation (4.6) then will be simplified to the following form: 
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𝑏 ∫ ∫ 𝜎𝑥𝑥𝜀𝑥𝑥
∗ 𝑑𝑥𝑑𝑦 =
𝐿
0
𝑤/2
−𝑤/2 ∫ ?⃗?
 . ?⃗? ∗
𝜕𝑉
 𝑑𝑠                          (4.8) 
 
where, 𝐿 is the length of the area of interest. As the Equation 4.8 of the principal of virtual 
work is valid for any kinematically admissible virtual displacement field, one can choose 
a virtual field collinear to the load resultant. The external virtual work is therefore 
expressed directly from the applied load resultant. In the case of uniaxial tensile tests (along 
𝑥-axis in Figure 4.16), the simplified one-dimensional virtual displacement field can be 
considered.  
 
  
Figure 4. 16: Dimensions of coupon specimen and coordinates 
 
To implement the Equation (4.8), a kinematically admissible virtual displacement field is 
defined here that satisfy compatibility condition and the displacement boundary conditions. 
The following virtual displacement field and the corresponding virtual strain field are 
employed: 
 
{
 
 
𝑢𝑥
∗ = 𝑥 and 𝑢𝑦
∗ = 0, 𝜀𝑥𝑥
∗ = 1, 𝜀𝑦𝑦
∗ , 𝜀𝑥𝑦
∗ = 0                                𝑥0 < 𝑥 < 𝑥0 + δ
𝑢𝑥
∗ , 𝑢𝑦
∗ = 0, 𝜀𝑥𝑥
∗ , 𝜀𝑦𝑦
∗ , 𝜀𝑥𝑦
∗ = 0,                                0 < 𝑥 < 𝑥0 , 𝑥0 + 𝛿 < 𝑥 < 𝐿
         (4.9) 
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where, 𝑥0 is a location along the length and 𝛿 is length. This virtual field is a linear virtual 
longitudinal displacement which leads to uniform longitudinal virtual strain. Combining 
Equations (4.8) and (4.9), the virtual field equation is given by: 
 
1
𝛿
∫ ∫ 𝜎𝑥𝑥(𝑥, 𝑦, 𝑡)𝑑𝑥𝑑𝑦 =
𝐹(𝑡)
𝑏
𝑥0+𝛿
𝑥0
𝑤/2
−𝑤/2
                    (4.10) 
 
If a uniaxial tensile experiment is carried out on a prismatic specimen, the area integral of 
the actual longitudinal stress, 𝜎𝑥𝑥, on each perpendicular cross section must correspond to 
the applied longitudinal load. The integral of the longitudinal stress, on the perpendicular 
cross section is obtained as 𝛿 → 0, giving the following: 
 
1
𝛿
∫ 𝜎𝑥𝑥(𝑥, 𝑦)𝑑𝑥 = 𝜎𝑥𝑥(𝑥0, 𝑦)
𝑥0+𝛿
𝑥0
                    (4.11) 
  
By substitution Equation (4.11) into (4.10), the average longitudinal stress derived from 
the measured resultant load (the engineering stress) is obtained which is equal to the 
integral of the longitudinal stress, on the perpendicular cross section: 
 
?̅?𝑥𝑥(𝑥, 𝑡) =
1
𝑏𝑤
∫ ∫ 𝜎𝑥𝑥(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑦𝑑𝑧 =
𝐹(𝑡)
𝑤𝑏
𝑤/2
−𝑤/2
𝑏/2
−𝑏/2
                  (4.12) 
 
Equation (4.12) is applied to uniaxial tension loading applications (Grédiac et al. 2002, 
2006, Avril et al. 2007). This equation shows that the average of 𝜎𝑥𝑥 over a cross section 
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at any 𝑥, equals to 
𝐹
𝑏𝑤
. This form is less restrictive than assuming that 𝜎𝑥𝑥 =
𝐹
𝑏𝑤
 at any 𝑥 
and 𝑦, as is employed when uniform stress assumption is considered.  
    Cost function definition for VFM 
The loading and the strain field over the specimen are known, and the constitutive 
parameters are unknown. No direct relationship is available between measurements and 
unknowns, and the aim is to describe a procedure allowing the extraction of the parameters 
from heterogeneous strain fields. If (𝑃1, … 𝑃𝑞) are the parameters defining the constitutive 
law, the stress is explained as: 
 
𝜎𝑥𝑥 = 𝑔(𝜀𝑥𝑥, 𝑃1, … 𝑃𝑞)                                (4.13) 
 
The objective of the identification procedure is to estimate the parameters using full-field 
measurements of the strain field, 𝜀𝑥𝑥. Equation (4.12) gives a condition that σxx must 
satisfy. A cost function is required to assess the accuracy of the estimates which is derived 
from Equations (4.12) and (4.13): 
 
1
𝑤
∫ 𝑔(𝜀𝑥𝑥(𝑥, 𝑦, 𝑡), 𝑃1, … 𝑃𝑝)𝑑𝑦 =
𝐹(𝑡)
𝑤𝑏
𝑤/2
−𝑤/2
                                                       (4.14) 
 
The method proposed here is therefore based on the construction and the minimization of 
a cost function where the parameters governing the elasto-plastic law. The deviations in 
stress are minimized in the least squares sense by defining the following cost function: 
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 𝑓 (𝑃1, …𝑃𝑞)=∫ (∫ [
1
𝑤
∫ 𝑔(𝜀11(𝑥, 𝑦, 𝑡), 𝑃1,
𝑤/2
−𝑤/2
…𝑃𝑞)𝑑𝑦 −
𝐹(𝑡)
𝑤𝑏
]
2
𝑑𝑥
𝐿
0
)
𝑡𝑒𝑛𝑑
0
𝑑𝑡              (4.15) 
 
𝑓 (𝑃1, …𝑃𝑞) is zero for the actual parameters. Hence, the identification method is carried 
out by minimizing the above cost function, 𝑓, with respect to the constitutive parameters 
(𝑃1, … 𝑃𝑞). In other words, the actual parameters are those which lead to the verification 
of the equilibrium written with the principle of virtual work. This equilibrium must be 
verified at each step of the loading. As the measurements are obtained at M displacement 
data point in y-direction and N displacement data point in x-direction at 𝑘 stages of loading, 
Equation (4.15) is written as follows: 
 
𝑓 (𝑃1, …𝑃𝑞) = ∑ ∑ [
1
𝑀
∑ 𝑔(𝜀𝑥𝑥(𝑥𝑖 , 𝑦𝑖 , 𝑡𝑘), 𝑃1, 𝑃2, … 𝑃𝑞) −
𝐹(𝑡𝑘)
𝑤𝑏
𝑀
𝑗=1 ]
2
𝑁
𝑖=1
𝐾
𝑘=1                       (4.16) 
 
The cost function 𝑓(𝑃1, … 𝑃𝑞) defines a quadratic deviation between stress estimates 
deduced using full-field deformation measurements along with material parameters, and 
stress estimates 
𝐹(𝑡𝑘)
𝑤𝑏
, obtained from the load resultant measurements.  
    Constitutive parameters definition for VFM 
Equation (4.2 (I)) is a linear elastic material model and Equation 4.2 (II) is a plasticity 
model, based on the Johnson-Cook formulation, where 𝑏 and 𝑛 are the hardening 
coefficient and exponent and 𝑎 is the yield stress. Equation (4.2 (III)) defines the equivalent 
plastic strain, 𝜀𝑒𝑞
𝑝
, in the plasticity model. 𝑎, 𝑏 and 𝑛 defined the variable mechanical 
properties throughout the weld region. Constitutive parameters for “d” separate material 
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zone, (𝑎1, … 𝑎𝑑 , 𝑏1, … , 𝑏𝑑 , 𝑛1, … , 𝑛𝑑), are determined by minimizing the cost function, 
𝑓(𝑎1, … 𝑎𝑑 , 𝑏1, … , 𝑏𝑑, 𝑛1, … , 𝑛𝑑), as defined in Equation (4.14). 𝑎, 𝑏 and 𝑛 are assumed to 
be constant within each zone. The minimization of Equation (4.14) to incorporate the 
specific material models and the strain fields, is performed by the Nelder-Mead algorithm 
implemented in MATLAB software (Notta-Cuvier et al. 2013, Sutton 2008). The Nelder-
Mead method first published by Nelder and Mead (1965),  is a popular applied direct search 
method used to find the minimum or maximum of an objective function for nonlinear 
unconstrained optimization (Lagarias 1998). The Nelder-Mead approach can be used in 
any number of dimensions to seek the minimum of a complicated cost function. The 
method uses the concept of a simplex, which is a polytope with n + 1 vertices 
in n dimensions. The idea was to perform a sequence of operations on an n-dimensional 
simplex so that the vertices of the simplex converge on the point where the function is a 
minimum. The convergence criterion in this study is defined so that the values of the 
recovered parameters do not change more than 1% between two consecutive iterations. 
The VFM for the heterogeneous material application allows the material to have different 
stress levels within each material zone. The weld zone is divided into six areas with 
constant material properties within each area. In each area, the elastic limit, hardening 
modulus and hardening exponent are assumed to be constant, but they may take different 
values from one zone to another. In this study, there is a total of 18 material parameters. 
To estimate strain fields in the sub-regions, the average value of the strains in all nodes in 
each zone were calculated. Since all weld regions are aluminum, it is assumed that Young’s 
modulus, 𝐸, is not a function of spatial position. The elasticity modulus is identified 
separately from the plasticity parameters. The elastic domain corresponds to the first 
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loading levels, where 𝐸 is the slope of the stress-strain curve. To obtain the modulus, the 
axial stress is deduced from the resultant load 
𝐹(𝑡𝑘)
𝑤𝑏
 and plotted versus the average of all the 
longitudinal strains, ̅𝑥𝑥(𝑡𝑘) across the entire measurement area at each load level as 
defined by the following equation: 
 
̅𝑥𝑥(𝑡𝑘) =
1
𝑁×𝑀
∑ ∑ 𝜀𝑥𝑥(𝑥𝑖 , 𝑦𝑗 , 𝑡𝑘)
𝑀
𝑗=1
𝑁
𝑖=1                                (4.17) 
 
The cost function defined in Equation (4.16) is revised by removing strain measurements 
in elastic range to delete this zone from the computations. The solution of this procedure 
allows the identification of hardening model to the tensile test results, across the welded 
joint. The identification process using VFM is depicted in Figure 4.17. 
 
Figure 4. 17: Iterative procedure of the VFM for characterization of constitutive parameters 
No 
Choice of the virtual field 
X =Xi 
Wint (Xi) 
Xi+1 
Expression of the cost function 
Initial guess for parameters (Xi) 
Computation of mechanical fields σ 
Optimization Xi global minimum  
Strain field and loading measurements 
Wext 
Yes 
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4.2.3.2   Uniform stress method (USM) 
Within the uniform stress method, the stress fields in the weld zone are calculated assuming 
that 𝜎𝑥𝑥 is uniform along the width and thickness directions throughout the loading process. 
Equation (4.12) is therefore simplified to the following form: 
 
𝜎𝑥𝑥(𝑥, 𝑦, 𝑡) =
𝐹 (𝑡)
𝑏𝑤
                               (4.18) 
 
Using the homogeneous stress assumption, the local stress-strain response of a 
heterogeneous material undergoing tension loading is given by the stress-strain pairs given 
by Equation (4.18) and 𝑥𝑥.  
In order to fit the stress-strain curve to the experimental data, these two curves are needed 
to be compared. In the current study, the objective is to minimize the area between 
reference and target stress-strain curves. For this purpose, the integral of the absolute 
difference between two curves was computed. The HyperStudy optimization software was 
employed for the identification. Figure 4.17 shows the dimensions of coupon specimen and 
coordinates. Several optimization algorithms are available such as Adaptive Response 
Surface Method (ARSM), Genetic Algorithm, Sequential Quadratic Programming, etc. In 
this study, ARSM was chosen. The ARSM is designed to identify the global design 
optimum with a modest number of objective function evaluations (Khuri et al. 1987, Wang 
et al. 2001, Wang et al. 2008). This method applies an iterative process to improve the 
approximation around the minimum of an unknown design function. In ARSM, computer 
experiments are performed to study the relation between a set of variables and the system 
response. These relations are modelled using a mathematical model, called surrogates. The 
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initial variable bounds are imposed by the designer. For multiple variable functions, the 
bounds of all design variables are identified through the construction of subsidiary 
optimization problems. Assuming the design problem has a total of 𝑛 design variables, 𝑥𝑖, 
𝑖 = 1,… , 𝑛, the reduced ranges of design variables are identified by finding the minimum 
and maximum of 𝑥𝑖 with respect to other design variables within their bounds.  
To improve the approximation accuracy, the ARSM introduces a threshold to the objective 
function and the part of the design space corresponding to the function value above the 
plane is discarded. The ARSM applies again over the reduced design space and produces 
a second fitted model, also shown in Figure 4.18. The second fitted model yields a better-
approximated optimum, close to the true design optimum. The approach locates the global 
optimum of the design by continuing this process. The search process terminates when the 
difference between the upper bound and lower bound for all variables meets the termination 
criterion that is a number specified by the designer. In the present study parameters a, b, n, 
σmax, and the Young’s modulus are defined as design variables. By averaging the values of 
all nodes within each zone measured by DIC, the stress-strain curve can be achieved. For 
comparison purposes, the 0.2% offset yield stress was extracted from the USM data at each 
of the six points using piece curve-fitting to the linear and non-linear stress–strain regimes. 
 
Figure 4. 18: A conceptual illustration of the ARSM 
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4.3   Base metal specimen characterization 
In order to evaluate the characteristics changes in the HAZ of welded metal, base metal 
material identification was conducted. The material properties of the isotropic base metal 
were determined by performing uniaxial tensile testing on the specimen and the strain data 
measurement acquired by a mechanical extensometer.  
Aluminum alloy sheet 6061-T6 with 6.4 mm thickness was used for the testing of the base 
material. Sketch of the specimen with dimensions, actual specimen, and the experimental 
setup are presented in Figures 4.19-4.21. Displacement variations were measured by a        
25 mm gauge length clip-on extensometer. The test was performed under displacement 
control, and a rate of 0.2 mm/min was set to the crosshead based on the ASTM E8/E8M-
11. The load was measured with a 50 kN load cell. A PC based data acquisition system is 
used to control the machine operation and data recording. Each test repeated three times to 
check reproducibility. Photograph of specimens is shown in Figure 4.22. 
 
 
 
Figure 4. 19: Dimensions of tensile specimen 
 
 
 
 
Figure 4. 20: Actual base metal specimen 
(b) 
(a) 
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Figure 4. 21: Base metal specimen during tensile testing 
 
 
 
Figure 4. 22: Photograph of the base metal specimens 
 
 
By using the provided load and deformation data, the local stress-strain response of a 
homogeneous material undergoing tension loading is given by the following stress-strain 
relations assuming the homogeneous stress assumption: 
 
𝜎 (𝑡) =
𝐹 (𝑡)
𝑏𝑤
                       (4.19) 
 
 (𝑦, 𝑡) =
𝛥𝐿
𝐿
                                   (4.20)  
Extensometer 
Grips 
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where, 𝑏 and 𝑤 are the cross-area dimensions, 𝐿 represents the extensometer gauge 
length, 𝛥𝐿 is the deformation on gauge, 𝐹 (𝑡) is the load at the time 𝑡 is strain, and   (𝑦, 𝑡) 
is strain at time 𝑡 in loading direction.  
By averaging the values of all nodes within each zone measured by DIC, the stress-strain 
curve can be achieved. Having the stress-strain data for the homogenous base material, the 
Johnson-Cook relation constitutive parameters can be determined by curve fitting that was 
explained for characterization by the USM. 
4.4   Finite element model of uniaxial tensile test 
To assess the validity of the identified parameters from the VFM and USM, the proposed 
methodology is validated by comparing the stress-strain curves with data from finite 
element simulation results. The uniaxial tensile tests described were modelled and analyzed 
with the SYSWELD. Strain hardening was applied to the model by the Johnson-Cook law. 
The model geometry is based on the actual welded plate used in the experimental testing. 
In order to capture the detail in the material distribution and simplify the process of 
assigning material properties, a fine mesh of eight-node fully integrated solid elements are 
constructed. The heat source parameters used in the simulation are presented in Table 4.3. 
The geometry of the specimen in FE model, a sketch of the specimen with dimensions, and 
boundary conditions are depicted in Figure 4.23. Geometry with the smallest element size 
of 0.5 mm × 0.5 mm (aspect ratio of 1) around the weld line, the largest element size of  
3.0 mm × 1.0 mm (aspect ratio of 3) at the edge of the plates, and five elements through 
thickness were found to give accurate results. Quality of the mesh was avaluated used 
Jacobian algorithm and the minimum value of 0.87 and maximum value of 1.0 were found. 
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The boundary conditions, prescribed to simulate the actual tensile test, include fixing the 
bottom end of the specimen and applying a constant displacement to the top end. 
 
Table 4. 3: Heat source parameters for welded specimen 
 𝒂𝒇 (mm) 𝒂𝒓 (mm) 𝒃 (mm) 𝒄 (mm) 𝒇𝒇 (mm) 𝒇𝒓 (mm) 
Value 4.5 5.5 4.5 2.5 0.6 1.4 
 
 
 
 
 
Figure 4. 23:  Tensile specimen in SYSWELD (a) Meshing (b) Sketch of specimen with 
dimension (c) Boundary conditions 
 
In order to compare the global response of the model to that of the actual tensile specimen, 
the overall strain, and applied load had to be calculated for each increment of the FEM 
analysis. 
Weldline 
Rigid constraints 
Loading 
(a) (b) 
(c) 
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4.5   Results and discussion 
In this part, results of the identification of the constitutive parameters for the weld and HAZ 
in welded specimen and the base metal are presented and compared with the results of the 
simulation. 
4.5.1   Characterization results of base metal and welded metal  
Experimental and fitted curves for load-deformation and stress-strain for the base material 
are shown in Figures 4.24 and 4.25, and the constitutive parameters are presented in Table 
4.4.  
 
 
 
   
 
Figure 4. 24: Load-displacement curves of base metal for three specimens 
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Figure 4. 25: Engineering stress-strain curves for base metal 
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Table 4. 4: Material properties of the three base metal specimens 
 
Description 
Initial 
Value 
Lower 
Bound 
Upper 
Bound 
Test 1 Test 2 Test 3 
( E ) Young’s Modulus (GPa) 60.0 50.0 70.0 68.9 68.9 68.9 
(a) Yield Stress (MPa) 150 90 300 252 245 248 
(b) Strain Hardening Constant (MPa) 50 20 100 65 71 68 
(n) Strain Hardening Coefficient 0.2 0.1 0.3 0.7 0.65 0.8 
( σmax )Ultimate strength 200 150 300 295 303 290 
(a) (b) 
(c) 
(OT=0.92) (OT=0.89) 
(OT=0.9) 
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The global tensile responses of the welded and base material are shown in Figures 4.26 (a) 
and (b), and the corresponding mechanical properties are listed in Table 4.5. Variation of 
stresses in the width of the coupon specimen obtained from SYSWELD is shown in Figure 
4.27 that reveals the necessity of using the method without the assumption of uniform 
stress. The experimental stress-strain and load-deformation results of tensile testing for the 
global behaviour of welded specimens are shown in Figures 4.28 (a) and (b).  
 
 
 
 
Figure 4. 26: (a) Global load-displacement curves of welded metal and base metal               
(b) Global stress-strain curves of welded metal and base metal 
 
 
 
Table 4. 5: Material properties for global response of the three welded specimens  
Parameter 
Initial 
Value 
Lower 
Bound 
Upper 
Bound 
Test 1 Test 2 Test 3 
( E ) Young’s Modulus (GPa) 60.0 50.0 70.0 68.9 68.9 68.9 
(a) Yield Stress (MPa) 150 90 300 157 162 153 
(b) Strain Hardening Constant (MPa) 50 20 100 81 83 79 
(n) Strain Hardening Coefficient 0.2 0.1 1 0.67 0.69 0.65 
( σmax ) Ultimate strength 200 150 300 209 207 210 
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Figure 4. 27: Variation of stresses in width of the coupon specimen from SYSWELD 
 
 
 
 
 
Figure 4. 28 (a): Load-displacement curves of the welded metal (b): Stress-strain curves of 
the welded metal 
 
In order to analyze the accuracy of the proposed methodology for evaluating the 
mechanical behaviour of the HAZ, the global stress-strain curve from tensile weld 
specimens was plotted and compared with the curve obtained from finite element analysis. 
Stress-strain curves calculated by USM for zones in welded specimens are shown in Figure 
4.29, and Figure 4.30 depicts the stress-strain curves for specimens calculated by the VFM.  
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The longitudinal strains along the coupon specimens at three stages of loading were 
captured by DIC are shown in Figure 4.31. Tables 4.6-4.8 contain the characterized 
parameters for welded specimens by the USM and Tables 4.9-4.11 present the material 
properties obtained by the VFM method in all zones. Figure 4.32 represents a plot of 
engineering stress versus 𝑥𝑥(𝑡). Linear regression of data in the elastic response regime 
gives 𝐸 = 68.9 GPa.   
It is apparent that strain initially localizes in the soft weld zone, and as the weld bead strain 
hardens, yield occurs at progressively greater distances from the weld bead. Although the 
ductility of the weld bead is equivalent to or greater than that of the alloy 6061-T6, the 
elongation of the transverse weld specimen is small relative to base metal because strain 
localization occurs immediately in the soft constituents of the weld (Reynolds et al. 1999).  
Figures 4.33-4.35 compare the stress-strain response for six points located along the 
vertical centreline of the region using the USM and the VFM. Average of the yield strength 
values from three specimens determined by both methods in Tables 4.6-4.11 are compared 
in the diagram shown in Figure 4.36. The VFM and USM show up to 38% and 35% 
decrease in yield strength (from 250 MPa to about 160 MPa). The USM and VFM show 
34% and 33% decrease in the ultimate strength of the weakest zone from 300 MPa to about 
200 MPa.  
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Figure 4. 29: Stress-strain curves of weld subzones by USM (a) Test 1 (b) Test 2 (c) Test 3 
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Figure 4. 30: Stress-strain curves of weld subzones by VFM (a) Test 1 (b) Test 2 (c) Test 3 
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Figure 4. 31: Maximum longitudinal strain curves along the specimens 
 
 
 
Figure 4. 32: Engineering stress versus full-specimen average longitudinal strain 
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Table 4. 8: Material properties determined by USM-Welded specimen 3 
Parameter 
Base 
Material 
Zones 
Z 1 Z 2 Z 3 Z 4 Z 5 Z 6 
( E ) Young’s Modulus (GPa) 68.9 68.9 68.9 68.9 68.9 68.9 68.9 
(a) Yield Stress (MPa) 250 165 170 192 215 242 253 
(b) Strain Hardening Constant (MPa) 101 80 73 81 88 92 101 
(n) Strain Hardening Coefficient 0.11 0.92 0.82 0.68 0.78 0.81 0.11 
( σmax ) Ultimate strength 300  205     
Table 4. 6: Material properties determined by USM-Welded specimen 1 
Parameter 
Base 
Material 
Zones 
Z 1 Z 2 Z 3 Z 4 Z 5 Z 6 
( E ) Young’s Modulus (GPa) 68.9 68.9 68.9 68.9 68.9 68.9 68.9 
(a) Yield Stress (MPa) 250 158 176 195 220 232 250 
(b) Strain Hardening Constant (MPa) 101 76 65 77 86 90 97 
(n) Strain Hardening Coefficient 0.11 0.95 0.8 0.65 0.72 0.87 0.11 
( σmax ) Ultimate strength 300  200     
Table 4. 7: Material properties determined by USM-Welded specimen 2 
Parameter 
Base 
Material 
Zones 
Z 1 Z 2 Z 3 Z 4 Z 5 Z 6 
( E ) Young’s Modulus (GPa) 68.9 68.9 68.9 68.9 68.9 68.9 68.9 
(a) Yield Stress (MPa) 250 163 181 198 210 238 248 
(b) Strain Hardening Constant (MPa) 101 81 71 82 85 93 100 
(n) Strain Hardening Coefficient 0.11 0.93 0.77 0.71 0.75 0.83 0.1 
( σmax ) Ultimate strength 300  195     
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Table 4. 9: Material properties determined by VFM-Welded specimen 1 
Parameter 
Base 
Material 
Zones 
Z 1 Z 2 Z 3 Z 4 Z 5 Z 6 
( E ) Young’s Modulus (GPa) 68.9 68.9 68.9 68.9 68.9 68.9 68.9 
(a) Yield Stress (MPa) 250 161 185 204 231 241 258 
(b) Strain Hardening Constant (MPa) 101 80 69 78 84 92 101 
(n) Strain Hardening Coefficient 0.11 0.98 0.85 0.64 0.7 0.87 0.11 
( σmax ) Ultimate strength 300  200     
 
 
 
 
 
Table 4. 10: Material properties determined by VFM-Welded specimen 2 
Parameter 
Base 
Material 
Zones 
Z 1 Z 2 Z 3 Z 4 Z 5 Z 6 
( E ) Young’s Modulus (GPa) 68.9 68.9 68.9 68.9 68.9 68.9 68.9 
(a) Yield Stress (MPa) 250 153 176 195 220 232 250 
(b) Strain Hardening Constant (MPa) 101 76 65 77 86 90 97 
(n) Strain Hardening Coefficient 0.11 0.95 0.8 0.65 0.72 0.87 0.11 
( σmax ) Ultimate strength 300  200     
 
 
 
 
 
 
Table 4. 11: Material properties determined by VFM-Welded specimen 3 
Parameter 
Base 
Material 
Zones 
Z 1 Z 2 Z 3 Z 4 Z 5 Z 6 
( E ) Young’s Modulus (GPa) 68.9 68.9 68.9 68.9 68.9 68.9 68.9 
(a) Yield Stress (MPa) 250 150 181 198 210 238 248 
(b) Strain Hardening Constant (MPa) 101 81 71 82 85 93 100 
(n) Strain Hardening Coefficient 0.11 0.93 0.77 0.71 0.75 0.83 0.1 
( σmax ) Ultimate strength 300  195     
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Figure 4. 33: Comparison of stress-strain by USM, VFM, and SYSWELD (specimen 1) 
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Figure 4. 34: Comparison of stress-strain by USM, VFM, and SYSWELD (specimen 2) 
0
100
200
300
0 0.02 0.04 0.06
S
tr
es
s 
(M
P
a)
Strain (mm/mm)
Zone 1
USM
VFM
SYSWELD
0
100
200
300
0 0.04 0.08 0.12
S
tr
es
s 
(M
P
a)
Strain (mm/mm)
Zone 2
USM
VFM
SYSWELD
0
100
200
300
0 0.02 0.04 0.06 0.08
S
tr
es
s 
(M
P
a)
Strain (mm/mm)
Zone 3
USM
VFM
SYSWELD
0
100
200
300
0 0.004 0.008 0.012
S
tr
es
s 
(M
P
a)
Strain (mm/mm)
Zone 4
USM
VFM
SYSWELD
0
100
200
300
0 0.004 0.008 0.012
S
tr
es
s 
(M
P
a)
Strain (mm/mm)
Zone 5
USM
VFM
SYSWELD
0
100
200
300
0 0.002 0.004 0.006 0.008 0.01
S
tr
es
s 
(M
P
a)
Strain (mm/mm)
Zone 6
USM
VFM
SYSWELD
(a) (b) 
(c) (d) 
(e) (f) 
(OT=0.86) 
(OT=0.88) 
 
(OT=0.84) 
(OT=0.85) 
(OT=0.90) 
(OT=0.92) 
(OT=0.91) 
(OT=0.93) 
(OT=0.93) 
(OT=0.94) 
(OT=0.89) 
(OT=0.91) 
204 
 
  
 
 
 
 
 
 
 
 
Figure 4. 35: Comparison of stress-strain by USM, VFM, and SYSWELD (specimen 3) 
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Figure 4. 36: Comparing the average yield strength values obtained by USM and VFM 
 
4.5.2   Comparison between yield strength from VFM and Rockwell hardness results 
As mentioned before in this chapter and chapter 3, yield strength and hardness 
measurement has a linear relationship. To create a relationship between these two for the 
welded 6061-T6 aluminum alloy, the yield strength and hardness measurements after the 
welding process were compared in each zone. The Rockwell hardness curves were taken 
in a line perpendicular to the weld axis from the average of measurements on three 
specimens by Aleo (2004) on welded L-joint with 4.8 mm thickness, medium heat input 
(3.8-5.5 kN/cm) and medium welding speed (11-14 mm/s). The distance was taken from 
the centre of the weld, moving away from it. The linear relation (Equation 4.21) obtained 
by the comparison of the yield strength-hardness values for each zone in Figure 4.37 as: 
 
y = 3.041x - 28.91                       (4.21) 
 
where, y is the yield strength (MPa) and x is the Rockwell hardness value (dimensionless). 
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Figure 4. 37: Yield strength-Rockwell hardness relationship for aluminum 6061-T6 
 
4.6   Summary and conclusions 
Due to inhomogeneity of the welded region, the properties of the weld material and the 
neighboring zones were examined through field measurement techniques that provide a 
solution for the constitutive properties. The goal of the effort was to predict the mechanical 
response of a welded tensile specimen on both a global and local level accurately. The aim 
was to develop a methodology to determine the mechanical property variations across a 
weldment from the load-strain response under tensile loading. The mechanical response of 
MIG welded 6061-T6 aluminum alloy were examined experimentally. Full-field strain 
measurements were obtained on transversely loaded tensile specimens via the digital image 
correlation technique. DIC measuring technique was used to evaluate the deformation field 
of an aluminum 6061-T6 in the presence of a weld. The strain plotted on this graph 
correspond to an average of the strain registered for all the points located inside the areas 
under study, calculated for welded material. Two methodologies of the USM and VFM 
were proposed to identify the stress-strain curves. The weld and HAZ were divided into 
distinct zones for which the constitutive relations are assumed to be constant. In the USM, 
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by assuming the uniform stress configuration, local stress-strain curves were determined 
for the various weld sub-zones and the parameters of the material law were determined 
such to fit the experimental results. In the VFM, the work-hardening model was verified 
by the tensile testing stress-strain curves by inverse analysis and parameters of the 
constitutive equation across the weld joint were identified. In VFM, misfit function defined 
as the error between the experimental stress-strain curve and an elasto-plastic constitutive 
law was minimized. Results show that the VFM provides a theoretically sound basis for 
developing robust optimization constructs to estimate local material properties, including 
spatial variations in yield stress, hardening exponent, and hardening coefficient.  
The error between the fitted curve and the base metal stress-strain curves is between 8%-
11%.  The error between the USM and VFM curves in different zones and stress-strain 
curves are between 6%-19% and 4%-15% for welded specimens. For the weakest zone 
(zone 1), VFM and USM show up to 38% and 35% decrease in yield strength. Results also 
show that the simple USM is in good agreement with the VFM in this application for the 
case of a prismatic tensile specimen (3% for the yield strength). In order to assess the 
effectiveness of the presented approaches, a finite element model was built to reproduce 
the experimental test. Validation of the methodology was made by comparing obtained 
stress-strain curve with the results of uniaxial test model. Agreement between measurement 
data and FEM was fairly good, and the proposed methods have been shown to be efficient. 
The methodology and results of this work could be used as a tool to optimize welding 
processes based on the prediction of mechanical properties such as yield strength and 
hardness. The use of computational modelling reduces the number of experiments and, 
therefore, the cost. 
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5   STRUCTURAL BEHAVIOUR OF ALUMINUM WELDED 
CONNECTIONS 
 
5.1   Introduction  
Aluminum structural members such as columns may easily connect to other structural 
members by welding. Hence, it is important to study and predict the behaviour of welded 
aluminum joints. At present, welds are commonly designed according to the standard CSA-
S157 recommendations of characteristic mechanical properties of the HAZ. It has been 
illustrated in chapter 3 that the suggested extension of the HAZ, and hence, yield strength 
values and plastic moment capacity are on the conservative side. 
The purpose of the present chapter is to carry out an investigation on strengths and 
behaviour of welded aluminum alloy plate-column joint that demonstrates beam-column 
joint. Tests were conducted in which, tensile force acted on a square hollow structural 
section (HSS) column flange through a plate welded to the column. Following the 
experimental study, the numerical investigation was performed by finite element model 
and the model was validated using experimental results to evaluate the accuracy, efficiency 
and robustness of simulations. It is illustrated that the calibrated model provides an accurate 
prediction of the experimental loads, strains, and failure modes. The developed FEM was 
then used for parametric studies for various HSS wall thicknesses, as well as different mesh 
sizes. Effects of phase transformation in the mechanical analysis were compared with the 
case without the phase transformation effects.  
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In following, suggestions for design by Canadian standard for fillet-welded aluminum alloy 
joints are reviewed and experimental and numerical study of plate-column joint are 
described. 
5.2   Experimental study of welded plate-column joint 
The investigation was conducted on welded plate-column joint in order to determine the 
strength capacity, strain data, and failure mode. A tensile force was applied to the HSS 
flange by means of a flat plate welded to the column. Test results were used as benchmarks 
to validate the numerical model. Specimen specifications and experiment procedure is 
discussed in following.  
5.2.1   Test specimen 
Aluminum structural members are typically manufactured from heat-treatable aluminum 
alloys such as 6061-T6, which was used for the current study, because of the higher yield 
stress than non-heat-treatable alloys. Therefore, aluminum alloy 6061-T6 was considered 
for the investigation on fillet welded plate-column joint. A fillet weld is formed by two 
surfaces meeting at an angle of between 60° and 120°, without edge preparation (Figure 
5.1 (a)). Based on CSA-S157 and CSA W59.2-M1991, to ensure joint penetration and to 
avoid cracking, the minimum fillet size (Figure 5.1 (b)) shall be given by the least of           
(𝑡, 
𝑡
5
+ 3, 6) where, 𝑡 is the thickness of the thicker material in mm. Weld size of 5 mm 
was used in the plate-column joint which is larger than 4.28 mm which is the minimum of 
(6.4, 4.28, 6). The length of a fillet weld shall be at least five times the size of the fillet 
which 75 mm in plate-column joint which is larger than 25 mm.  
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Figure 5.2 shows the geometry of the specimen with dimensions. Welding was conducted 
by the heat input of 3.8 kJ/cm and welding speed of 11 mm/s. Welding parameters 
including the voltage, current, weld size, and weld length used for specimen are presented 
in Table 5.1. Plates with a thickness of 6.4 mm were fillet-welded in single passes to the 
flange of the HSS. Figures 5.3 and 5.4 show the specimen during welding and Figure 5.4 
depicts the welded specimen.  
 
  
Figure 5. 1: (a) General sketch of fillet weld (CSA W59.2) (b) Specification of fillet weld 
 
 
Figure 5. 2: Schematic sketch of the plate-column specimen geometry and dimensions 
(a) (b) 
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Table 5. 1: Welding parameters for plate-column specimens 
 
Voltage 
(V) 
Current 
(A) 
Efficiency 
Heat input 
(kJ/cm) 
Speed  
(mm/s
) 
Length 
(mm) 
Size 
(mm) 
Value 30 205 0.75 3.8 11 75 5 
 
 
 
 
Figure 5. 3: (a) Specimens clamped for welding (b) Specimens during welding 
 
   
 
Figure 5. 4: Side views of the specimen 
 
5.2.2   Test set-up 
The MTS 600 kN universal tensile machine was used to perform the tensile loading on the 
specimens (Figure 5.5). The plate ends were clamped in the machine grips, and the actuator 
stroke was used for the displacement control. Monotonic loading was applied to failure 
Welding direction 
Top plate 
Bottom plate 
(a) (b) 
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with a rate of 1 mm/min at ambient temperature. The applied force and the crosshead 
displacement were recorded. A Data Acquisition System (DAQ) was used to collect the 
data from strain gauges. Strain gauges with electrical resistance (120 Ω) of 5 mm gauge 
length were used to measure localized material strains. Tests were performed on three 
similar specimens denoted as A, B, and C. 
 
 
 
Figure 5. 5: (a) Specimen in MTS machine (b) MTS machine 
 
In order to find the proper locations of the strain gauges, two trial tests were conducted to 
determine the critical regions with the highest deformation and also failure region. The 
deformed specimens are shown in Figure 5.6. Based on these two tests locations of the 
strain gauges were decided for the specimen A. Twelve strain gauges were installed in the 
specimen A to find the best locations for measuring strain values as shown in Figure 5.7. 
In the specimens B and C, only four strain gauges were mounted to measure the strain 
values near the HAZ of joints. Strain gauge locations on specimen B and C are shown in 
(a) (b) 
213 
 
Figures 5.8 and 5.9. Figure 5.10 presents the specimen A with the 12 strain gauges and 
specimen B (similar to specimen C) during testing. The displacement was applied smoothly 
at the top clamped plate end. A total displacement of about 25 mm was imposed over a test 
time of about 19 min. 
 
  
 
 
 
  
 
Figure 5. 6: Trial specimens (a) First specimen (b) Second specimen 
 
(a) 
(b) 
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Figure 5. 7: Strain gauges locations for specimen A 
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Figure 5. 8: Strain gauges locations for specimens B and C 
 
 
  
 
Figure 5. 9: Strain gauges in specimens B and C 
 
 
   
 
Figure 5. 10: Test setup with MTS machine (a) First test (b) Second test 
Plates 
(a) (b) 
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5.3   Finite element model of welded plate-column joint 
FEA is capable of predicting the ultimate loads and failure modes of aluminum structural 
members. Numerical investigation using solid elements along with elastoplasticity to 
predict the structural behaviour and ultimate strength of welded components was discussed 
in the literature review (chapter 2). The performance of welded aluminum alloy structures 
were examined and predicted by authors such as Matusiak (1999), Mellor et al. (1999), 
Zhang et al. (2001). The solid element modelling approach gave satisfactory results for the 
capacity and ductility of welded members. There exists few literature on the use of shell 
element-based modelling approach for welded thin-walled aluminum components in 
prediction of the capacity of welded aluminum components such as Brunet et al. (2005), 
Zhu et al. (2006), Wang et al. (2006), and Wang et al. (2007). The results were evaluated 
with respect to the accuracy of the strength and ductility prediction, and the efficiency and 
robustness of simulations. In general, the numerical simulations gave reasonable agreement 
with the experimental data. However, it was found that the solutions were mesh-dependent 
when the failure occurred by strain localization in the HAZ.  
In the present study, the solid element was adopted because of the more realistic boundary 
conditions and geometry. In addition, in general, strain localization occurs earlier for shell 
elements than for solid elements with the same characteristic length, owing to the plane 
stress assumption in the former (D∅rum et al. 2010). Finite element software SYSWELD 
was used to perform the numerical analysis considering thermal-metallurgical-mechanical 
phenomena and to assign the mechanical properties of the welds and the HAZ. The FEM 
was verified against the conducted test results.  
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5.3.1   Mesh convergence study 
Three-dimensional elements with eight nodes were utilized. Convergence studies were 
conducted using maximum residual stress due to welding, and the resulted curve is depicted 
in Figure 5.11. The plate-HSS models with different meshes are shown in Figure 5.12. 
Three types of meshing were considered for the parametric study: coarse, fine and very 
fine. In the coarse mesh, the smallest element size around the weld in the central part of 
the web, flange, and plate was approximately 3.5 mm × 3.5 mm (aspect ratio of 1), while 
in a refined mesh the element size was approximately 1 mm × 1 mm (aspect ratio of 1) and 
in very fine mesh smallest element size was approximately 0.6 mm × 0.6 mm (aspect ratio 
of 1). Specimen with a fine mesh that is shown in Figure 5.13 was chosen for the 
simulation. For the flange and web two through-thickness integration points, and for the 
plate four through-thickness integration points were used. Quality of the mesh was 
avaluated used Jacobian algorithm and the minimum value of 0.78 and maximum value of 
1.0 were found. 
 
 
Figure 5. 11: Convergence study for the plate-column joint with evaluating the maximum 
residual stress in the part 
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Figure 5. 12: Different meshing for convergence study (a) coarse mesh (b) fine mesh (c) 
very fine mesh 
 
 
 
       
 
Figure 5. 13: Finite element model geometry 
 
(a) (b) (c) 
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5.3.2   Material modelling  
The mechanical analysis was performed using an elasto-plastic material formulation with 
von Mises yield criterion. Isotropic strain hardening was considered in the model. 
Temperature dependent thermo-physical and thermo-mechanical material properties used 
in a simulation for aluminum alloys 6061-T6 and wire 5356-T6 were discussed and shown 
in chapter 3. Thermal conductivity, density, yield stress, Young's modulus, specific Heat, 
thermal expansion coefficient, Poisson’s ratio, strain hardening curves, and yield strength 
were plotted versus the temperature. Strain hardening was applied to the model by the 
Johnson-Cook law. 
5.3.3   Boundary conditions  
The boundary condition during welding and cooling are shown in Figure 5.14. During 
welding, the displacement of the tip of the plates and HSS were fully rigid constrained 
similar to the real welding process. Heat source parameters for double-ellipsoidal heat 
source including the dimensions of front and rear portion of the heat source that were 
adopted in simulation are represented in Table 5.2 based on suggestions from Goldak 
(1984), in chapter 3 which suggest to take the distance in front of the source equal to one-
half the weld widths and the distance behind the source equal to two times the weld width. 
While cooling all clamps were released, and only constraints against rigid body motion 
were kept. Convection and radiation to the air were considered from all surfaces except the 
clamped part. Displacement was applied through the nodes on top of the clamped plate as 
shown in Figure 5.15. The clamp of the bottom plate was modelled as a rigid body.  
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Figure 5. 14: Boundary conditions (a) during welding (b) during cooling 
 
Table 5. 2: Heat source parameters for plate-column specimens 
 𝒂𝒇 (mm) 𝒂𝒓 (mm) 𝒃 (mm) 𝒄 (mm) 𝒇𝒇 (mm) 𝒇𝒓 (mm) 
Value 4.5 9 4.5 2.5 0.6 1.4 
 
 
 
 
 
 
Figure 5. 15: Mechanical boundary conditions of the model (a) Boundary condition of 
bottom plate (b) Boundary condition of top plate (c) Selected nodes for applying load 
(a) (b) 
(a) (b) (c) 
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5.3.4   Parametric studies  
The predicted response of the joint is governed by factors such as the specimen dimension 
and model accuracy. It is desirable to carry out a parametric study to investigate the 
influence of these factors on prediction. Three comparisons were performed: 
 Load-deformation curves were compared in the analysis of the specimen with different 
HSS thicknesses. 
 Simulation results of load-deformation and load-strain curves with and without 
considering the phase transformation effects were compared. 
 Simulation results of load-deformation curves with three different meshes were 
compared. 
5.4   Results 
5.4.1   Visual inspection 
Figures 5.16-5.19 show three specimens after failure. In the tests, the strain localization 
occurred both in the web and flange. The fracture occurred between the flange and weld. 
The tearing of the web of joints occurred very close to the flange, in the HAZ within the 
web. 
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Figure 5. 16: Final deformed shape of specimen A (a) front view (b) rear view 
(e) 
(c) 
(a) (b) 
(d) 
(c) (d) 
(e) 
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Figure 5. 17: Final deformed shape of specimen B (a) front view (b) rear view 
(e) 
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(c) 
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(c) (d) 
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Figure 5. 18: Final deformed shape of specimen C (a) front view (b) rear view 
(c) 
(e) 
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(d) 
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(e) 
225 
 
  
 
  
 
Figure 5. 19: Deformed shape of specimens (a) front view (b) rear view 
 
5.4.2   Experiment and simulation results 
In order to find the effects of metallurgical phase transformations, FEA results of load-
deformation curve and load-strain curve were calculated with and without phase 
transformation effects. The experimental load-deformation curves for the three joints are 
shown in Figure 5.20. Numerical load-deformation curve with phase transformation effects 
and with disregarding the phase transformations comparing with the average of the 
experimental load-deformation results from three tests are presented in Figure 5.21. 
Disregarding the phase transformations resulted in a 5% increase in ultimate load capacity. 
(a) 
(b) 
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In the simulations, the fracture was not accounted for, and thus the numerical results for 
tests experiencing a fracture in the HAZ are reliable prior to the point at which fracture 
initiated in the tests. The strains in principal directions in the simulated specimen are shown 
in Figure 5.22 in which, regions with high strain localization in the HAZ are the zones that 
the fracture triggers. Deformed shape of the specimen is in good agreement with the actual 
specimen. 
 
Figure 5. 20: Load-deformation curves from three experimental specimens 
 
 
Figure 5. 21:  Load-deformation curve from experiment and FEA 
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Figure 5. 22: principal strains in plate-column joint specimen (a) First principal strain (b) 
Second principal strain (c) Third principal strain 
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The displacement-strain curves from specimens are presented in Figure 5.23. Strain gauge 
locations 1-4 were chosen where the maximum strains existed and were used for specimens 
B and C. The average of displacement-strain curves for three specimens for four strain 
gauges were compared with the simulation results in Figure 5.24 and 16%-27% error was 
calculated. The load-strain curves from experiment and numerical analysis for specimen A 
for twelve strain gauges are shown in Figure 5.25 and between 17%-25% error between 
the curves was observed. The maximum strain was for strain gauges 3 and 4 on top surface 
of the HSS in the parallel direction to the weld (0.028 mm/mm) and the minimum strain 
happened in the plates and sides of the HSS.  Figure 5.26 depicts the load-strain values 
from three specimens for strain gauges 1-4. In Figure 5.27, load-strain curves from 
specimens were compared with the numerical model results by considering and ignoring 
the phase transformation effects and 11%-17% and 15%-25% error was calculated. The 
initial strain produced as the welding effect was ignored in the simulation. Figure 5.28 
represents the parametric study results of load-deformation for HSS specimens with three 
thicknesses of 2.9 mm,  3.2 mm (experiment case), and 3.5 mm as the strength increases 
with the wall thickness. An experimental and numerical result for joint is presented in 
Figure 5.29 for three meshes. The analysis with coarse mesh gave a good result for strength 
but overestimates the stiffness and elongation. For the fine mesh, good agreement between 
the experimental and numerical results is achieved in terms of stiffness and ultimate 
strength. With the very fine mesh, the simulations underestimated the ultimate strength 
about 9%.  
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(c) 
 
(d) 
Figure 5. 23: Displacement-strain curves from experiments (a) SG 1(b) SG 2(c) SG 3 (d) SG 4 
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(c) 
  
(d) 
 Figure 5. 24: Displacement-strain curves for four strain gauges from experiment and FEA 
(a) SG 1 (b) SG 2 (c) SG 3 (d) SG 4 
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Figure 5. 25: Strain gauges measurements of specimen A 
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Figure 5. 26: Load-strain curves from experiments (a) SG 1 (b) SG 2 (c) SG 3 (d) SG 4 
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(c)  
 
 
 
(d)  
 
Figure 5. 27: Load-strain curves for strain gauges 1-4 from experiment and FEA (a) SG 1 
(b) SG 2 (c) SG 3 (d) SG 4 
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Figure 5. 28: Load-deformation curves for various thicknesses 
 
 
 
 
 
 
Figure 5. 29: Load-deformation curves for various meshes 
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5.5   Summary and conclusions  
This chapter presents an experimental, and numerical investigation of aluminum alloy 
6061-T6 HSS welded plate-column specimen under tensile testing. Tests were conducted 
on columns that are transversely welded to aluminum plates using the GMAW welding 
process. The material was modelled using an elastic-plastic constitutive model, with von 
Mises yield criterion and isotropic strain hardening. The FEM using solid elements was 
verified against the test results. The FEM provided accurate predictions of the experimental 
strength, strains, and failure modes of welded connection comparing with experimental 
results. Parametric studies were conducted to determine the effects of metallurgical phase 
transformations on load-strain and load-deformation results, the effect of HSS wall 
thickness on the strength of the specimen, and effect of mesh size on load-deformation and 
load-strain results. Ignoring the phase transformations caused 5% increase in ultimate load 
capacity. 
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6   CONCLUSIONS, CONTRIBUTION TO KNOWLEDGE, AND 
RECOMMENDATIONS FOR FUTURE RESEARCH  
 
6.1    Conclusions  
In this dissertation, an accurate, robust and efficient methodology was developed to predict 
the mechanical response of welded aluminum structures. The study was conducted on the 
thermal-metallurgical-mechanical mechanisms during welding of aluminum alloys due to 
a high-temperature fusion process and their effects on the mechanical properties of welded 
structural connections.  
6.1.1    Simulation of GMAW process and welded components 
This research effort was successful in applying a finite element model for the welding process 
of aluminum welded structures. The numerical analyses were found efficient and accurate 
in the prediction of weld pool dimensions, temperature history, strength, and residual 
stresses distribution in the welded components. A finite element model was developed 
validated by series of X-ray residual stress measurements conducted on butt welded 
aluminum alloy 6061-T6 specimens with various thickness and experiment data from 
existing literature including the determination of the extension of the HAZ by hardness 
testing on aluminum welded L-joints.  
Effect of the heat input on the HAZ of a welded aluminum L-joint was studied, and it was 
concluded that the larger HAZ existed with increasing the heat input.  
By study on the residual stresses on the butt-joint specimen, it was found that the tensile 
stress distributed along the weld line, but they reduced to compressive stress at the starting 
and ending region of the weld line. The calculated maximum longitudinal stress of             
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217 MPa is much higher than the maximum transverse compressive stress of 90 MPa and 
maximum tensile stress of 42 MPa for specimen with thickness of t = 3.2 mm, heat input 
of 3.8 KJ/cm, and welding speed of 11 mm/s (medium heat input and welding speed). The 
results indicate that the maximum longitudinal tensile stress is close to the yield strength 
of the material (250 MPa) suggesting that the stress in this region have the strongest 
influence over the failure of the material. The pick transverse and longitudinal residual 
stresses and out-of-plane distortions increased as the heat input increased, and the welding 
speed decreased. By applying different mechanical boundary conditions during welding 
and cooling, it was found that by optimizing the welding fixture and welding parameters, 
residual stresses and distortions that cause reduction of strength and fatigue life of the 
structure, can be minimized. Canadian standard can make the recommendations about the 
most appropriate welding fixture and welding parameters for different types of joints.  
6.1.2    Effect of phase transformation in simulation welded components 
Simulation results of residual stress and hardness were compared with considering the 
metallurgical phase transformations and without considering these effects and the error 
between 9%-22% for hardness values on L-joint and between 19%-22% for the residual 
stress on butt-welded specimen with weld on one side were observed. Around 23% and 
20% difference in out-of-plane distortion distribution in transverse and longitudinal 
directions of the butt-welded joint were found as the effect of phase transformations over 
residual out-of-plane displacements. 
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6.1.3    Simulation of structural welded aluminum component  
Series of experiments was conducted on HSS columns transversely welded to aluminum 
plates. The tensile force was applied to column flange through a plate welded to the 
column. The objective was to investigate the structural response of the welded plate-
column components and to evaluate the accuracy and reliability of the finite element model 
for predicting the strength capacity and failure modes of the welded structure and 
performing the parametric studies. The load-deformation and load-strain data were 
recorded and compared with finite element analyses results. The numerical analyses gave 
a rapid engineering assessment of the influence of the HAZ on of the structural capacity of 
a welded connection.  
6.1.4    Comparing two methodologies for identification of the material properties in the 
HAZ 
Two methodologies were proposed to characterize the constitutive parameters of the weld 
zone after welding using digital image correlation system to measure the strain fields of 
welded specimen under uniaxial tensile testing. Work hardening parameters were 
identified through an inverse analysis. It was proven that the two methods of “uniform 
stress method” and “virtual fields method” were able to represent the mechanical response 
of the investigated material. The results showed that the welded alloy possesses anisotropy 
in strength, plastic flow and ductility, which should be properly represented in the 
constitutive relations. 
6.2   Contribution to knowledge 
 In chapter 3, it has been proven that the 25 mm width of the HAZ from the centre of 
weld line as recommended by CSA-S157 is on the conservative side and for the 
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aluminum 6061-T6 with low heat input, HAZ is 8.9 mm (64% less than the CSA value), 
for medium heat input is 15.1 mm (39% less than the CSA value), and for high heat 
input is 19.4 mm (22.4% less than the CSA value). The results confirmed that the final 
dimensions of the HAZ depend mainly on the weld heat input and are also influenced 
by material properties and variations in welding speed. Also, it was revealed in this 
chapter that by optimizing the welding fixture, welding parameters such as welding 
speed and heat input, and material thickness, residual stresses and distortions that cause 
reduction of strength and fatigue life of the structure, can be minimized. Between 65%-
75% change in residual stresses was observed by different clamping condition during 
heating and cooling. 
 In chapter 4, methodologies were proposed to characterize the hardening constitutive 
parameters in the weld zone of a welded specimen. Results by VFM and USM show up 
to 38% and 35% decrease in yield strength and also show 34% decrease by VFM method 
and 33% decrease by USM in ultimate strength of the weakest zone. 
 In chapter 5, strength capacity of the welded aluminum plate-column joint was 
determined, and it was shown that the proposed simulation methodology was a reliable 
tool to predict the mechanical response of welded components.    
6.3   Recommendations for future research 
While this thesis has focused on the development and validation of a predictive 
methodology for aluminum welded structures, more key topics await further research.  
 A study is needed to investigate the effects different types of welding procedure such as 
GTAW and LBW on the HAZ mechanical characteristics. 
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 More experiments and numerical studies can be set up in order to study the effects of 
different welding sequence on the residual stress distributions. Different weld sequence 
in terms of welding direction, weld passes, and a fixture on induced residual stresses 
values and extends should be conducted. The best combination of welding parameters 
for minimum residual stresses can be selected.   
 Other methodologies for the characterization of the work hardening parameters in a weld 
and HAZ, such as Finite Element Model Updating (FEMU) that should be tried. 
Generally, the strain field measurements are only available at the surface of the 
specimen, it is necessary to make assumption that will relate the strain field inside the 
solid to the strain field at its surface such as plane stress condition that is a limitation of 
the technique compared to FE model updating. In addition, uniqueness and existence of 
a solution are very critical problems and relate not only to the choice of the virtual fields 
but also to the choice of the test geometry and loading. 
 Failure mechanism should be included in simulations.  
 Welded components with complex geometries and several welds are needed to be 
investigated. 
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APPENDIX A   CANADIAN STANDARDS RECOMMENDATIONS  
A.1   Maximum holding times at temperature for aluminum alloys  
 
CSA-W59.2-1991(R2013) 
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A.2   Recommendation for the extension of the HAZ due to welding    
 
 
CSA-S157-05(R2010) 
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